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Abstract
As renewable energy sources, such as photovoltaic (PV) cells and wind turbines,
are rapidly implemented in DC microgrids, energy storage systems play an increasingly significant role in ensuring uninterrupted power supply and in supporting the
reliability and stability of microgrid operations. Power electronics, especially bidirectional DC–DC converters, are essential parts in distributed energy storage and alternative energy systems because of their grid synchronization, DC power management, and bidirectional power flow capabilities. While there is increasing demand
for more efficient, compact, and reliable power converters in numerous applications,
most existing power converters are hindered by traditional silicon (Si) based semiconductors, which are reaching their theoretical and material limits as there is an
insignificant possibility for further improvements. Wide bandgap (WBG) semiconductors, such as gallium nitride (GaN) and silicon carbide (SiC), exhibit superior
physical properties and demonstrate great potential for replacing conventional Si
semiconductors with WBG technology, pushing the boundaries of power devices
to handle higher switching frequencies, output power levels, blocking voltages, and
operating temperatures. However, tradeoffs in switching performance and converter
efficiency when substituting GaN devices for Si and SiC counterparts are not well
defined, especially in a cascode configuration. Additional research with further deii

tailed investigation and analysis is necessitated for medium-voltage GaN devices
in power converter applications. Therefore, the objective of this research is to experimentally investigate the impact of emerging 650/900 V cascode GaN switching devices on bidirectional DC–DC converters that are suitable for energy storage
and distributed renewable energy systems. Dynamic characteristics of Si, SiC, and
cascode GaN power devices are examined through the double-pulse test (DPT) at
different gate resistance values, device currents, and DC-bus voltages. Furthermore, the switching behavior and energy loss as well as the rate of voltage and
current changes over the time are studied and analyzed at different operating conditions. A 500 W experimental converter prototype is designed and implemented to
validate the benefits of cascode GaN devices on the converter operation and performance. Comprehensive analysis of the power losses and efficiency improvements
for Si- based, SiC-based, and GaN-based converters are performed and evaluated
as the switching frequency, working temperature, and output power level are increased. The experimental results reveal a significant improvement in switching
performance and energy efficiency from cascode GaN power devices used in the
bidirectional converters.
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Chapter 1
Introduction
This chapter presents the background and challenges of bidirectional DC–DC
power converters, especially for energy storage elements used in DC microgrids.
Wide bandgap (WBG) semiconductor technology is examined in detail, with a discussion of its major advantages and its great benefits for power electric converters.
It also addresses the research motivation and objective to perceive the importance
of this dissertation. The main contributions are highlighted to identify this dissertation’s originality, which is followed by the scope and outline of the research.

1.1

Research Background and Challenges

As concerns grow over climate changes and harmful environmental effects of
burning fossil fuels, renewable energy sources such as wind turbines and solar panels are being deployed globally for sustainable and clean power generation systems [1–5]. Governments worldwide are taking aggressive actions to offset natural
resource depletion, fossil fuel price instability, and electric power insecurity by in-
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vesting in microgrid technologies [6–10]. Tremendous efforts have been devoted
to merging DC microgrids into electric power distribution systems because they
offer a significantly increased energy efficiency, reduced generation cost, and minimized system size compared with the AC microgrids [11–13]. The major benefits
of DC microgrids are to increase the integration and penetration level of renewable sources as well as improve the reliability of electric grids in the distribution
sector [14, 15]. Figure 1.1 presents a typical DC microgrid structure comprised
of different distributed energy resources like small-scale wind turbines, PV arrays,
fuel cells, energy storage elements, and plug-in hybrid electric vehicles (PHEVs),
along with local loads and control devices connected to DC link through power
electronics, as the voltage source inverter (VSI) linking the DC microgrid with the
utility network [16, 17]. With the continuous increase in DC loads, such as laptops, computers, LED lights, and telecommunication centers, DC microgrids are
considered as applicable and economic solutions for satisfying future smart energy
demands since the most environmentally friendly distributed sources generate DC
power [18, 19]. Therefore, DC microgrids are receiving growing interest both in
academia and in practical power applications, resulting in extensive research for
implementing microgrids in electric power systems.
The intermittency of distributed renewable generators poses crucial challenges
in terms of the operation and control of DC microgrids [20–22]. Power fluctuations of renewable energy source cause instability in microgrid and inadequacy
in accommodating continuously varying DC loads [23–27]. Among different distributed energy sources, energy storage systems such as batteries and ultracapacitors are essential parts in DC microgrids because they can effectively operate as a
load or generator during charging or discharging mode, balancing the power flow
2

Figure 1.1: A typical DC microgrid system [16].
in the microgrid [28–30]. Energy storage elements are used to compensate the variability of alternative energy sources and maintain a smooth power flow to various
DC loads [31–33]. They are also indispensable for energy management purposes
and offering a backup power source for the DC microgrid when renewable energy
sources are inadequate [23,34,35]. Batteries and ultra-capacitors improve the power
quality of DC microgrid by operating as an uninterruptible power supply and enhancing the low voltage ride-through ability for distributed PV and wind power
generation applications [36–39]. As a result, energy storage systems substantially
support the DC microgrid operations in stability and reliability.
Power electronics, particularly bidirectional DC–DC power converters, play a
pivotal role in interfacing energy storage systems with DC microgrids, where the
power flow needs to be in both forward and reverse directions [5,40–42]. These con3

verters are not limited to energy storage elements but are also included in renewable
energy systems, uninterruptable power supplies, electric vehicles, and other applications [43–46]. Based on the control systems, the bidirectional DC–DC converter
operates as either a buck or boost type to regulate the current or voltage of the
power system into a desired level. In terms of topology, bidirectional DC–DC converters are divided into two major categories, which are non-isolated and isolated
configurations. Among those two topology configurations, transformer-less bidirectional converters are widely employed in DC microgrids due to their prominent
advantages of increased efficiency, improved reliability, straightforward structure,
uncomplicated control system, reduced size, and minimal cost [5, 47, 48].
However, these DC–DC bidirectional converters, especially buck-boost (halfbridge) power circuits, have major disadvantages of a limited voltage conversion
ratio between input and output as well as a high voltage stress across switching
devices leading to critical challenges in improving the reliability of the switches
and the capability of the converter [5, 49–51]. Furthermore, most existing converters are suffering from intensive switching and conduction power losses under
cruel operating conditions associated with power semiconductor devices, which are
essential components of power electronics [5,52–54]. Traditional silicon (Si) material is the most commonly semiconductor used in power switching devices [5]. The
performance and efficiency of conventional bidirectional DC–DC converters are
hindered by Si-based power devices, which are approaching their theoretical and
physical limits [5, 27, 55–57]. Consequently, the restrictions of Si power switches
are a rigid barrier to achieving major improvements in the converter efficiency and
performance based on Si technology [5, 58].
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1.2

Overview of Wide Bandgap Technology

Academic and industry researchers have devoted significant efforts and numerous resources to develop and fabricate alternative semiconductor materials with improved characteristics for next-generation power devices due to the limitations of
Si devices and an acute global demand for power devices with higher operating capabilities [5, 59, 60]. Wide bandgap semiconductors, such as silicon carbide (SiC)
and gallium nitride (GaN) offer superior material properties than conventional Si
materials, enabling switching devices to operate effectively under harsh operating
conditions [5, 61–63]. WGB materials offer outstanding physical properties such
as a wider energy gap, better thermal conductivity, higher electron mobility, higher
saturated drift velocity, and larger critical electric field [5, 64, 65]. The physical
properties of different semiconductor materials are explained in Table 1.1.
Table 1.1: Key material properties of Si and WBG semiconductors [64, 65].
Material property

Unit

Si

6H-SiC

4H-SiC

GaN

Energy bandgap, Eg

[eV]

1.12

3.02

3.26

3.39

Thermal conductivity, λ

[W/cm·K]

1.5

4.9

4.9

1.3

Electron mobility, µn

[cm2 / V·s]

1500

420

950

2000

[×10 cm/s]

1

2

2

2.5

[MV/cm]

0.23

2.5

2

3.8

-

11.8

9.7

10

9

Saturated drift velocity, vsat
Critical electric field, Ec
Dielectric constant, εr

7

The higher saturation drift velocity and larger electron mobility of WBG materials allow power devices to operate at higher switching frequencies than comparable Si devices [66, 67]. WBG materials have better thermal conductivity, wider
energy bandgap, and small intrinsic carrier concentrations. These features enable
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them to sustain higher-operating temperatures without suffering excessive current
leakage [68–70]. The wider energy bandgap and larger breakdown electric field of
WGB materials permit power devices to perform more efficiently at high-blocking
voltages. The higher electron mobility along with larger breakdown electric field
of WBG materials yield power devices with much lower on-state resistance, contributing to a major reduction in the conduction loss. The considerable benefits
of WBG materials enable power devices to work over a wide range of blocking
voltages, junction temperatures, and switching frequencies with lower on-state resistance [71,72]. These important operating characteristics of WBG devices significantly contribute to improved power density, reduced semiconductor loss, increased
energy efficiency, decreased cool system and passive components, and minimize the
size and cost of power converters. As a result, power converters with WBG semiconductor devices are the most promising solution to meet the growing demand for
high-voltage, high-speed and high-temperature applications.

1.3

Dissertation Motivation and Objective

As discussed in the research background and challenge sub-sections, power
electronics, especially bidirectional DC–DC converters in DC microgrid, are operationally limited by their Si-based devices and suffer from high voltage stress
across these switching devices. Furthermore, these converters exhibit poor efficiency and low power density because of acute switching and conduction power
losses from using Si devices at high-operating temperatures, high-blocking voltages, high-switching frequencies, and high-output power levels [58]. Since Si is
indisputably approaching its theoretical and material limits, it would be very diffi-
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cult to accomplish further improvements in Si-based converter efficiency and performance [58]. These issues pose critical challenges in meeting the high demand
for more efficient, dense, compact, cost-effective, and reliable power converter for
numerous applications.
Due to GaN superior physical properties, the GaN technology offers the most
promising solution among other proposed ones for improving power electronic applications [5, 73, 74]. Although there is a limited research that evaluated 650 V
cascode GaN power devices, most published works, such as [75,76], have not comprehensively demonstrated the switching behavior of these devices at the mediumvoltage level [5]. As previously mentioned, these works show inconsistent voltage level and device package, which play an important role in converter efficiency
and performance due to different parasitic elements and gate circuit suitability [5].
Therefore, further investigations on 900/650 V cascode GaN-FETs used in power
converters are needed to better understand the switching performance of these new
devices and compared to existing Si switches at the same voltage rate within the
same device package [5]. Additionally, none of the published research provides
the necessary information and practical data to support using 900 V cascode GaNFET devices integrated into power converters [5]. Although cascode GaN-FET
devices were studied by some researchers, the tradeoffs in the switching performance, efficiency, size, and cost of the GaN-based converters are still unclear in the
literature [5].
This research attempts to close this knowledge gap by comprehensively studying and evaluating 650 and 900 V GaN-FET devices integrated into the bidirectional
DC–DC converters [5]. To facilitate this important research, Transphorm provided
a sample of new 900 V cascode GaN-FET (TP90H050WS) in the TO-247 pack7

age [5]. This device is not yet commercially available, but it is expected to be
released before the end of 2020 [5]. The motivation for this research is to provide
the essential information and practical tools for incorporating cascode GaN-FET
devices into power converters [5]. It includes a comprehensive dynamic characterization of GaN-FET devices, a comparative investigation on crucial impact factors
in GaN-FET switching behavior compared to Si and SiC devices, and an evaluation
of GaN-based converter performance under harsh operating conditions [5]. The aim
is to obtain an efficient, uncomplicated, and cost-effective method to enhance the
energy efficiency and switching operation of bidirectional DC–DC converters based
on GaN technology. To achieve this aim, the effect of cascode GaN power devices
on the converter’s switching behavior and overall efficiency is tested and validated
through experimental research and results.

1.4

Dissertation Scope, Contribution, and Outline

To realize the impacts of emerging cascode GaN-FET devices, GaN-based converters are designed and compared to widely used Si-based converters under identical switching speeds, working temperatures, blocking voltages, and output power
levels [27]. This dissertation focuses particularly on cascode GaN power devices
with blocking voltages of 650 and 900 V because these medium-voltage GaN devices are required by most distributed renewable sources, energy storage facilities,
and electric vehicles in DC microgrids. The main contributions of this dissertation
are identified as follows:
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• A survey of the latest GaN power devices is carried out to understand their
impact on converter performance, considering the blocking voltage, device
package, and market availability of these devices.
• The methodology and tools are presented for experimentally evaluating both
the switching characteristics of GaN-FETs in a cascode structure and the
GaN-based converter.
• The switching behavior of cascode GaN-FETs is evaluated through the doublepulse test (DPT) to find the well-suited gate-driver circuit and gate-source
voltage to these devices for achieving optimal switching performance.
• The effect of gate resistance in the control of cascode GaN-FETs during the
turn-on and turn-off times is experimentally assessed at different operating
points.
• The dynamic switching characterization of GaN devices is compared with
commonly used Si devices under the same gate requirements to assess the
switching performance when using cascode GaN-FETs.
• The rate of voltage (dv/dt ) and current (di/dt ) change over time along the
energy loss in turn-on and turn-off events in GaN devices are experimentally
tested and measured as the gate resistance, device current, and input voltage
are increased to study their effects on the switching performance.
• The impact of GaN-FETs in a cascode configuration on converter level are
experimentally evaluated at harsh operating conditions.
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• A detailed analysis of power losses from the power devices, gate, passive
compounds, and others loss in the circuit is conducted to obtain the highest
converter efficiency.
• An accurate method of measuring the energy efficiency is demonstrated and
justified to quantify the converter improvement based on the GaN technology.
To satisfy the objectives, this dissertation is structured as follows. Chapter 2
presents outstanding material properties of WBG semiconductor technology, especially GaN devices in a cascode configuration, as well as expresses appealing
potential for replacing conventional Si counterparts. The relevant literature review
of prior research along with the conducted survey of GaN power devices are demonstrated in this chapter. The unique advantages and main challenges of GaN devices
are described while the GaN potential applications and markets are pointed out to
provide a clear perspective of the merits of GaN technology.
In chapter 3, the DPT circuit is experimentally built in order to study the switching behavior of different power devices during turn-off and turn-on transitions. The
switching energy losses and the rate of dv/dt and di/dt are computed and measured
at different operating conditions. The power dissipation generated from semiconductor switching devices is calculated to evaluate the converter performance and
efficiency at different operating conditions. This chapter also investigates optimal
gate-source voltage, gate-driver circuit, and gate resistance for GaN power devices
since these devices are most crucial elements in how power converter applications.
Chapter 4 assesses the switching characteristic and performance for cascode
GaN-FETs and Si-MOSFET devices used in power converters. It also compares
the dynamic characteristics of examined power devices in terms of switching per10

formance and energy loss. To realize the benefits of GaN devices, switching energy
losses are determined at different gate resistance values, switch currents, junction
temperatures, and DC-bus voltages. The experimental results are analyzed between
the two GaN and Si power devices.
In chapter 5, the dynamic behavior investigation of Si-IGBT and SiC-MOSFET
switches in terms of switching performance and energy loss is performed through
the DPT circuit. The impacts of high gate resistance, switch current, and junction
temperature, and DC-bus voltage on the switching behavior of the two tested devices are examined during the turn-on and turn-off events in order to integrate the
most suitable semiconductor devices for high-power and high-switching converter
applications. The experimental outcomes are assessed and compared between the
two devices.
Chapter 6 provides the background description and state-of-the-art of bidirectional DC–DC converters to expound this research and its novelty. It starts with describing bidirectional DC–DC power converters, including isolated and non-isolated
bidirectional topologies. Because of remarkable advantages and wide implementation of non-isolated bidirectional topologies in medium-voltage applications, this
research fundamentally focuses on the non-isolated converters. Different topologies
of non-isolated bidirectional DC–DC converters are evaluated and compared to determine a more compatible choice with power converters in DC microgrids, where
energy storage and distributed renewable energy systems are widely implemented.
The operation and analysis of the bidirectional DC–DC converter are illustrated in
this chapter along with design considerations.
In chapter 7, the effects of merging various new semiconductor devices into
power converters is aimed to be demonstrated at harsh operating conditions for
11

medium-voltage systems. The switching performance of cascode GaN-FETs, SiCMOSFETs, and Si-MOSFETs implemented in the bidirectional buck-boost converter is tested with the same power converter layout. The semiconductor losses,
including conduction and switching losses, occurred in power devices are calculated
and compared as a function of increasing operating temperature and switching frequency. The GaN based converter is experimentally evaluated at various operating
conditions and compared its performance to Si-based and SiC-based converters in
terms of total power loss, overall efficiency, and cost in order to realize the benefits
of using GaN technology.
Finally, chapter 8 summarizes the prime conclusions of this dissertation as well
as presents an outlook for potential future work.
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Chapter 2
GaN Semiconductor Technology
This chapter briefly introduces the unique properties of WBG semiconductor
technology, particularly cascode GaN devices, showing great potential for replacing
conventional Si counterparts. The literature review of prior research as well as
the survey of GaN power devices are highlighted in this chapter. The remarkable
advantages and major challenges of GaN devices are described and GaN potential
applications are presented.

2.1

Wide Bandgap (WBG) Semiconductors

Recently, the benefits of WBG power devices have been well-promoted for
power conversion systems. WBG-based power switches show great potential for
enabling and implementing numerous applications that were previously impossible
in the real-world [77–79]. WBG semiconductors exhibit superior material properties such as wider bandgap energy, higher saturated drift velocity, larger electron
mobility, higher breakdown electric field, and reasonably better thermal conductiv-
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ity [27]. These remarkable physical properties are enabling switching devices to
work efficiently and effectively at high-blocking voltages, high-switching speeds,
and high-operating temperatures [63, 80, 81]. Figure 2.1 presents the key electrical properties of the GaN material compared with SiC and Si materials [82, 83].
Thus, merging GaN semiconductor devices into power converters shows tremendous potentials in terms of improving power density and energy efficiency as well
as reducing the cost and size power conversion applications.

Figure 2.1: A comparative summary of Si, SiC, and GaN material properties [82].

2.2

Literature Review of GaN Power Devices

Due to the superior physical properties of GaN, worldwide academic and industrial researchers have spent considerable effort and resources studying GaN power
14

devices. It is essential to acknowledge the characteristics and the challenges of
GaN power devices before integrating them into power electronics. A number of
review and survey papers such as [84–86] reported on the characteristics of different WBG power devices, containing major advantages and design challenges.
These papers demonstrated the WBG material properties and presented their great
potential for power conversion system, identifying considerable benefits along with
critical challenges. The background of GaN devices in power converters was described in [87–90]. These studies illustrate the recent development of GaN power
devices and show how these devices can improve power converters.
Besides the background, characterization, and challenges of WBG technology,
various prior publications [91–93] evaluated GaN power devices in terms of physical materials, device package, and gate drive circuits. For instance [94, 95], provide
a detailed switching evaluation and converter assessment at different switching frequencies, operating temperatures, and output power levels. Other studies [96–98]
covered gate driver requirements and switching performance for each technology
as well as evaluated the power density and coveter efficiency.
Recent research [99–102] focused on the implementations of high-voltage GaNFETs in a cascode configuration because of their highest operating capabilities for
power converter applications. For example, different cascode GaN-FETs produced
by Transphorm were integrated into a single-phase transformer-less PV inverter
under hard-switching performance and the results showed that the inverter reached
a peak efficiency of 99.18% at 1.3k W [103]. Transphorm also built and tested
a 1 kW pole power-factor-correction converter with 99% efficiency at a switching
frequency of 50 kHz [104].
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Several studies [105–107] reported on cascode GaN-FET devices used in LLC
resonant and buck converters with soft-switching techniques. Other published works
[108–110] reported on implementing Transphorm cascode GaN-FET devices into
an uninterruptible power supply (UPS), an isolated switched capacitor DC–DC converter, and a switched capacitor three-port inverter application. The comparison
between GaN, SiC, and Si devices presented in these papers show a lack of consistency in voltage level and device package, which are critical factors on converter
efficiency and performance due to the difference of parasitic element between these
devices.
To accurately measure energy efficiency and evaluate converter performance,
the design and prototype of WGB- and Si-based converters must be considered due
to the layout effect along with parasitic inductance and capacitance in the power
circuit. Additionally, the gate circuit plays a significant role in driving and controlling power devices, which can greatly impact converter performance in terms of
switching behavior and energy loss.

2.3

GaN Power Devices

GaN power devices are gaining considerable attention for next-generation power
electronic converters because these devices exhibit physical properties superior to
those of traditional Si materials, providing great potential for power conversion
systems [5]. As semiconductor switching devices are the main elements of power
converters, it is important to understand their switching characteristics and performance in order to employ cascode GaN devices in converter designs [5].
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2.3.1

Vertical and Lateral GaN Devices

Compared to other WBG semiconductors, GaN-based power devices possess
faster switching speeds and lower semiconductor losses, making them attractive
to the energy industry for high-frequency, high-density, high-efficiency, and highreliability converter applications [111,112]. The lateral GaN heterojunction field effect transistor (HFET), which is called the high-electron mobility transistor (HEMT),
was lately released and is commercially available at voltage levels above 600 V.
GaN HEMT devices are classified into vertical and lateral structures. Vertical GaN
HEMTs have yet to be commercially produced; therefore, most current literature
focuses on GaN HEMTs in a lateral configuration [96, 113]. The depletion-mode
of GaN HEMT is normally-on so it can be difficult to employ these devices in
power conversion systems where normally-off switches are preferred due to operational safety and gate-driver circuitry simplicity. However, a cascode structure is
adopted to overcome this issue, resulting in a normally-off device [114, 115]. This
dissertation focuses on GaN HEMTs in a cascode configuration as there is already
ongoing research on developing normally-off lateral GaN HEMTs through various
approaches.

2.3.2

Depletion-Mode and Enhancement-Mode GaN Devices

Based on different structures of the gate terminal, GaN HEMTs can be fabricated and constructed in depletion-mode or enhancement-mode, which is determined by the internal material structure and layout during the production process [5, 116, 117]. Figure 2.2 shows different modes of GaN devices, which are
depletion-mode and enhancement-mode [5, 118]. Depletion-mode of GaN HEMTs
17

is normally-on so it can be difficult to incorporate these devices into high-power
conversion systems where normally-off switches are more suitable due to operational safety considerations and gate-driver circuitry simplicity [5]. However, the
cascode structure, which is basically adding another transistor in a series way, overcomes this issue, resulting in a normally-off device [5]. Though this structure has
the disadvantage of increasing on-state resistance, this issue becomes insignificant
at high-voltage levels since the on-resistance of the high-voltage GaN device is not
greatly affected through combining a low-voltage Si transistor into the device [5].

Figure 2.2: The cascode depletion-mode (left) and enhancement-mode (right) of
GaN power devices [118].
The cascode GaN-FET consists of a low-voltage normally-off Si-MOSFET along
with a high-voltage normally-on GaN-HEMT in a series configuration [5, 27]. The
cascode GaN device structure is shown in Figure 2.3 [5]. The combination of SiMOSFET and GaN-HEMT is packaged in a cascode configuration and acts as one
single transistor, which is called a cascode GaN-FET device [5]. The two switching devices are linked together so that the output drain-source voltage of the SiMOSFET controls the input gate-source voltage of the GaN-HEMT [5]. In this
package, the current flows through the Si-MOSFET and GaN-HEMT during the
18

on-state event while the blocking voltage is shared between the two devices during the off-state event [5]. The main advantages of cascode GaN-FETs are very
low reverse recovery charge and gate charge along with a small crossover loss [5].
Among others GaN switches, these devices are more robust and reliable in terms
of a wide gate safety margin, high-transient over-voltage capability, and intrinsic
lifetime test [5]. Operationally, cascode GaN-FETs offer higher safety and simpler
gate-driver circuit along with lower ringing behavior of the switching device [5].

Figure 2.3: GaN-HEMT power device in a cascode configuration.
On the other hand, GaN-HEMTs in enhancement-mode feature normally-off
devices without the additional transistor or cascode structure. They exhibit a lower
on-state resistance and zero reverse recovery loss, causing better switching performance. The main disadvantages of the enhancement-mode of GaN HEMTs
are that these devices require very complicated gate-driver circuits and contain a
low threshold voltage, making the devices very susceptible to ringing effect. Due
to these issues, GaN-HEMTs in the enhancement-mode are undesirable for highpower DC–DC converter applications. Therefore, this research focuses on cascode
GaN-FETs since they offer the highest blocking voltage rates in different packages
that are currently available on the market.
19

2.4

Survey of GaN Devices

Due to unique material advantages and high operating capabilities of GaN semiconductors, GaN-based power devices have been attracting a considerable deal of
interest in power converter applications. Worldwide academic and industrial researchers are actively involved in conducting tremendous research and effort on the
development of GaN technology. Figure 2.4 describes GaN power device landscape, including a large number of government laboratories and universities as well
as main GaN semiconductor manufacturers and GaN integrators. The first commercial GaN transistors with a maximum voltage level of 200 V were released
by Efficient Power Conversion Corporation (EPC) in 2010. Intensive work and research were conducted on implementing these GaN devices in point-of-load, poweramplifier, and radio-frequency applications [119, 120]. Multiple semiconductor
manufacturers have announced new GaN power devices including MicroGaN, GaN
Systems, Transphorm, Nexperia, HRL Laboratories, NXP semiconductor, Panasonic, Fujitsu, International Rectifier, STMicroelectronics, Microsemi, On Semiconductor, Infineon, Texas Instruments, and VisIC.
A detailed survey of GaN power devices is carried out to find the most compatible GaN devices for high operating applications. The core factors that contribute
to this survey are commercially available GaN power devices, voltage rating, current rating, and device packaging. Table 2.1 summaries the existing semiconductor
manufacturers that are continuously producing commercially available GaN power
devices.
GaN System and Transphorm are gaining significant attentions for high operating applications because they are the only two semiconductor manufacturers
20

Figure 2.4: GaN power device landscape.
that continuously manufacture above 600 V GaN power devices. Among other
GaN devices, the GaN-field effect transistor (FET) in a cascode structure, manufactured by Transphorm, is becoming increasingly attractive for power electronic
applications. Transphorm is the only vender manufacturing the highest-voltage
GaN power devices with the most commonly used device packages, which are
220 and 247 transistor outlines (TO). The main advantages of these cascode GaNFETs are higher switching frequency, smaller on-state resistance value, lower reverse recovery charge, and smaller leakage current [72]. The GaN-FET switch
in a cascode structure is composed of a low-voltage normally-off Si Metal Oxide
Semiconductor Field Effect Transistor (MOSFET) and a high-voltage normally-on
GaN High Electron Mobility Transistor (HEMT) in a series configuration [27]. Re21

cently, Transphorm released 650 V cascode GaN-FETs with different high current
rates that feature higher operating capability, lower gate charge, smaller crossover
loss, and more suitable device package with simple gate driving requirements.
Transphorm is expected to release a new 900 V cascode GaN-FETs with TO-247
packaging in the beginning of 2020. As mentioned previously, the GaN HEMT
devices are classified into vertical and lateral configurations. Since vertical GaN
HEMTs have yet to be produced on a commercial level, this research focuses on
GaN HEMTs in a lateral structure.
Table 2.1: The survey of commercially available GaN power devices.
Manufacturer
Transphorm
On

Voltage rating (V)

Current rating (A)

Package

600,

6.5, 9, 15, 16, 17,

TO-220-3,

650,

20, 25, 27, 34, 35,

TO-247-3,

900

36, 46.5, 47.2, 50

Power DFN

600

9,

TO-220-3

Semiconductor
Panasonic

17
600

13,

DFN-8

26
Nexperia

650

34.5

TO-247-3

600

12.5,

PG-DSO-20,

15,

PG-HSOF-8,

31

PG-LSON-8

USA Inc.
Infineon
Techologies
15, 30, 40, 60,

1, 2, 6, 10,

65, 80, 100,

18, 22, 31, 34,

150, 200

48, 53, 60, 90

GaN

100,

3.5, 7.5, 8, 11,

Die,

Systems

650

15, 22.5, 30,

PDFN-6,

38, 60, 90

GaNPX

EPC

22

Die

2.5

GaN Power Devices Applications and Markets

Due to outstanding material properties of WBG devices, engineers and designers are attracted to adopt GaN and SiC devices into power electronics and system
designs to achieve next-level improvements in converter performance and system
level [121]. Figure 2.5 schematically points out main potential applications of GaN
and SiC switching devices utilized in power converters at high, medium, low voltage ranges [122]. Although GaN-based power devices theoretically exhibit better
performance than Si and SiC counterparts, the lack of high-quality free-standing
GaN layers hinders the rapid development of GaN switches with higher voltage
levels. Thus, GaN power devices are being tailored for low-to-medium voltage
power electronics.
As the market reported recently by numerous semiconductor manufacturers and
analysts, GaN switching devices are more suitable for the low voltage range from
200 up to 600 V, which contains a big number of the consumer device electronics, such as power correction factors (PCFs), power supplies, and audio-amplifiers
[123]. In the high voltage range above 1.2 kV, SiC switching devices remain so
far the desirable choice for electric grids, rail transportations, and industrial applications, owing to the excellent crystalline material quality and device performance
reliability. The medium voltage range, especially between 600 and 900V, is considered to crucially strategic because it covers a wide scale of power converters for
energy storage, electric vehicle/hybrid electric vehicle (EV/HEV) applications, and
distributed renewable energy systems. Due to the rapid development and increased
availability of GaN devices above 600 V in the market, GaN power switches are
highly expected to be in competition and coexistence with SiC and Si counterparts
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in this medium voltage range. Therefore, this dissertation is focusing on the GaN
devices at the medium voltage level.

Figure 2.5: Key potential applications of GaN and SiC devices used in power converters as a function of voltage range [122].
Despite of the GaN physical quality and long-term reliability, GaN devices
are becoming increasingly integrated into high-power and high-speed converters
due to their significant operating capabilities, leading to improved energy conversion system. Figure 2.6 is envisaged the expected trajectory for GaN switching transistor market, which is anticipated to exceed $450 million US dollars by
2022 [124]. Obviously, the adaptation of GaN power devices is significantly going to be widespread in various power converter applications, such as power supply, EV/HEV, wireless and data communication, and uninterruptible power supply
(UPS) systems. The high operating capabilities of GaN devices provide considerable potential for improving power converters in terms of increase efficiency and
24

enhanced power density along with reduced size and minimized cost. Recently,
Apple and Tesla have recently announced that they are incorporating GaN semiconductors in order to achieve more efficient, compact, and robust features in their
new products. Consequently, it is very promising for GaN devices to be widely
adopted and implemented in high-speed and high-power conversion systems in the
future.

Figure 2.6: The growth of GaN power device market [124].

2.6

Power Device Comparison

The electrical characteristic and switching behavior of power devices play a
significant role in the conversion system since semiconductor switching devices
are major elements in power converter electronics [5]. GaN and SiC power de25

vices are the most mature WBG semiconductors and they are well established and
commercially available [5]. These devices can withstand high operating temperatures and switching frequencies, allowing for smaller cooling systems and passive components [5, 58]. They also exhibit lower on-state resistance, leading to
reduce conduction loss [5,58]. In order to investigate the effect of various semiconductor switching devices on the converter level, cascode GaN-FET, SiC-MOSFET,
Si-IGBT, Si-MOSFET are integrated individually into the power converter to compare and assess their performance in terms of switching behavior and energy efficiency [5, 58].

Figure 2.7: key parameters of implemented devices in the power converter.
Table 2.7 provides the key parameters of each semiconductor device employed
in the converter performance comparison [5]. The aforementioned power devices
are chosen based on their similarity in electrical characteristics and compatibility
with the power converter operation [5, 63]. The methodology that adopted for here
is to have an equal comparison between different device technologies [5]. This can
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be obtained by selecting the identical voltage rate and device package as well as the
same on-state resistance and current rate for each device if it is possible [5]. Figure
2.8 illustrates the main factors for selecting the different power devices.

Figure 2.8: Main factors of power device selection.

2.7

Summary

In this chapter, unique material advantages and benefits of WBG semiconductors are demonstrated while the latest and current research on GaN power device
is reviewed. The fundamental configurations and characteristics of GaN transistors are addressed, including vertical and lateral semiconductors and enhancementmode as well as depletion-mode and enhancement-mode GaN devices. A survey
of the recent GaN power devices is carried out and summarized to obtain the most
suitable GaN devices for power converters along with their commercial status and
specifications, considering the blocking voltage, device package, and market availability of these devices. Due high operating capabilities of GaN technology, GaN27

based power applications and markets are highlighted to express the increased level
of GaN device adaptation and implementation in commercial and industrial sectors.
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Chapter 3
Switching Performance Methodology
and Characterization
A double-pulse test (DPT) is experimentally designed and constructed to obtain
and examine the switching behavior of semiconductor devices during turn-on and
turn-off transitions. The equipment and instruments used in DPT circuit are described with their specifications. In order to achieve accurate results, the procedure
of aligning current and voltage waveforms is illustrated in this chapter. The switching energy losses along with the rate of voltage and current changes are calculated
and measured at high operating conditions. The power loss resulted from semiconductor switching devices is determined to evaluate the converter performance
and energy efficiency at different switching speeds, operating temperatures, and
blocking voltages. The impacts of gate source voltage, gate driver circuit, and gate
resistance on GaN power devices are investigated to find optimal gate parameters
for a better power converter operation.
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3.1

Double-Pulse Test (DPT) Circuit

A double-pulse test (DPT) circuit is a very essential step to characterize the
switching behavior of various devices; therefore, this circuit is implemented to
evaluate the switching performance during turn-on and turn-off transitions as well
as determine the optimal gate requirements for each device [5]. Figure 3.1 simplifies the built DPT circuit for the switching behavior evaluation [5]. The turn-on
and turn-off energy losses of each power device are obtained through the DPT circuit [5]. The double-pulse signal is generated from the DC dual-channel function
generator (Keysight 33500B) to apply to the gate driver (Infineon 1EDI60I12AH)
for controlling and turning on/off the device [5]. The width of each pulse plays a
substantial role in controlling the current flowing in the inductive load [5]. Thus,
the width and magnitude of first and second pulses should be set up very carefully
in order to reach to the desired value of device current [5].

Figure 3.1: The DPT circuit schematic for switching evaluation.
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Figure 3.2: Drain-source voltage, gate-source voltage, and drain current waveforms
under the double-pulse operation during the turn-off and turn-on transitions.
Figure 3.2 presents the expected waveforms of drain-source voltage, gate-source
voltage, gate under the double-pulse operation during the turn-off and turn-on transitions [5]. These waveforms are captured by a 4-channl digital oscilloscope (Tektronix DPO3014) obtains waveform data and switching characteristics [5]. In the
meantime, the high-voltage differential probes (Tektronix P5200A) are utilized to
measure the drain-source voltage and gate-source voltages as the current sensor
(Pearson 2877) is utilized to measure the current passing through the power device [5]. As the device is conducting, the inductor current is increased linearly as
shown in Figure 3.2 [5]. This current is reached to the set-up current value once
the device is turned-on at the end of the first pulse by applying negative gate-source
voltage [5]. In the switching investigation, the turn-off behavior and energy loss
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Figure 3.3: The experimental DPT circuit.
Table 3.1: Key equipment and instruments for the DPT circuit.
Component

Type/value

Deskew

DC-power supply (Keysight N8937A)

15 kW

–

Function generator (Keysight 33500B)

30 MHz, 2 channels

–

450µH

–

20µF

–

Digital oscilloscope (DPO3014)

100 MHz, 4 channels

–

High-voltage-differential probe (P5200A)

50 MHz, 50X/500X

11.6 ns

1 Volt/Ampere +1/-0%

0 ns

Inductive load (Air core)
DC capacitor (R75PR4100AA30K)

Pearson current sensor (2878)

◦

up to 300 C

Digital hot-plate magnetic (MS300)
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–

of each power device are specified at the end of the first pulse while the turn-on
behavior and energy loss of each power device are identified at the beginning of the
second pulse [5, 72].

3.2

Equipment and Instruments of DPT Circuit

The DPT components are presented to examine switching behavior of different power devices and compared their performance at different operating conditions [5]. Table 3.1 addresses the main equipment and instruments of DPT circuit
that are used for evaluating the switching characterization of each device [5]. Due
to virtually zero reverse-recovery effects, the SiC-Schottky diode (C3D16065D1)
is utilized in the DPT circuit to offer a freewheeling path for the inductor current
as well as to enhance the switching behavior of the two power devices during the
turn-on and turn-off transitions [5, 27]. The four tested semiconductor devices,
which are Si-MOSFET, Si-IGBT, SiC-MOSFET, and cascode GaN-FET, are individually assessed through the DPT circuit with the implemented SiC-Schottky
diode [5]. Figure 3.3 shows the experimental DPT hardware with test instruments,
circuit components, and DC power supplies [5].

3.3

Alignment of Voltage and Current Waveforms

In order to achieve correct and accurate and results, the current and voltage
waveforms should be aligning. To do that, the voltage and current probes are deskewed to align their waveforms. This procedure is very important to get rid of
measurement delay and distortion occurred between the voltage and current chan-
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nels, obtaining accurate measurements for switching behavior and loss evaluations
of each device [72]. The procedure of de-skewing voltage abd current waveforms
is presented, as follows:
• The signal path compensation (SPC) calibrates the digital oscilloscope after
the oscilloscope has been operated for at least 10 minutes.
• In the oscilloscope, the signal path compensation (SPC) is chosen to calibrate
the digital cope after it has been working for more than ten or fifteen minutes.
• A built circuit of a small voltage source and a fixed resistive load is used to
adjust the waveforms.
• DC offset of the probe is set-up at zero for each mode of attenuation settings
before utilizing the voltage and current probes.
• In the oscilloscope, the delay time is measured between the current and voltage waveforms.
• The voltage waveform is shifted by adding measured delay time in order to
be aligned with the current waveform.

3.4

Power Loss Analysis

The power dissipation occurred in semiconductor switching devices is important to be analyzed to evaluate the converter performance and efficiency at different
operating conditions [5]. Switching devices are generally responsible for the largest
power loss because these devices are major elements in power converters [5]. The
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main power consumption in semiconductor devices can be divided into conduction
and switching power losses [5].

3.4.1

Conduction Loss of Power Devices

Conduction loss (Pcon ) is occurred when the current is flowing through the
power device [5, 72]. This loss depends on the static on-state resistance value
and device current [5]. Thus, the conduction loss for power devices such as SiMOSFET, SiC-MOSFET, and cascode GaN-FET, is expressed as [5]

2
Pcon = Irms
Rds(on)

(3.1)

where Irms and Rds(on) are the room-mean-square of switch current and drainsource on-state resistance of the switch [5]. For Si-IGBT and diode, the conduction
loss is determined by [5]

2
Pcon = Vf Iavg + Irms
r(on)

(3.2)

where Vf , Iavg , Irms , and ron are the forward voltage drop, average and room-meansquare values of the device current, and dynamic on-state resistance of the power
device, respectively [5]. From Table 2.7, the conduction loss for Si-MOSFET, SiIGBT, SiC-MOSFET, and cascode GaN-FET is calculated at various switch currents [5]. Table 3.2 highlights a comparison of the conduction loss for these devices
at a switching frequency of 50 kHz as the switch current is increasing from 4 to
12 A [5]. Clearly, cascode GaN-FET offers a significantly lower conductions loss
among different power devices due to its smaller on-state resistance [5]. Figure
3.4 shows that conduction loss of all devices is evaluated at two junction tempera35

Table 3.2: Conduction loss of different power devices.
Conduction loss (W)
Switch

Si

Si

SiC

Cascode

current (A)

MOSFET

IGBT

MOSFET

GaN-FET

4

1.9

9.3

1.1

0.8

6

4.3

13.6

2.3

1.6

8

7.7

18.5

4.2

3.2

10

12

23

6.5

5

12

17.3

28.2

9.4

7.2

tures (Tj ) of 25 and 125◦C while the switching frequency is 50 kHz [5]. It noticed
that the conduction loss for Si-MOSFET and Si-IGBT is drastically increased at
higher junction temperature while the conduction loss for SiC-MOSFET and cascode GaN-FET is increased slightly because WBG devices feature considerably
larger electric field and higher thermal conductivity compared to Si devices [5].
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Figure 3.4: Conduction loss of different devices at two junction temperatures.
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3.4.2

Switching Loss of Power Devices

Switching loss virtually contributes to a large amount of the total power loss in
energy conversion systems [5]. Therefore, this loss is very important to be computed in this section in order to assess the impact of using Si-MOSFET, Si-IGBT,
SiC-MOSFET, and cascode GaN-FET devices [5]. The switching energy loss for
different semiconductor devices used in power converters is obtained and assessed
and through the DPT circuit at various operating conditions [5]. Energy loss is calculated by integrating the product of the measured drain-source voltage (vds ) and
drain current (id ) waveforms during turn-on (ton ) and turn-off (tof f ) times whereas
the total switching energy loss (Etotal ) is the sum of the turn-on (Eon ) and turn-off
(Eof f ) energy losses [5, 27]. The switching power loss (Psw ) is obtained by multiplying the total switching energy loss of each device by switching frequency [5,58],
as described by
Z
Eon =

vds (t)id (t)dt

(3.3)

ton

Z
Eof f =

vds (t)id (t)dt

(3.4)

tof f

Etotal = Eon + Eof f

(3.5)

Psw = Etotal fsw

(3.6)

In Table 3.3, the switching power loss for Si-MOSFET, Si-IGBT, SiC-MOSFET,
and cascode GaN-FET is calculated at various junction temperatures while the
switch current is 12 A [5]. Figure 3.5 presents that the switching loss for these de-
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Table 3.3: Switching loss of various semiconductor devices.
Switching power loss (W)
Junction

Si

Si

SiC

Cascode

temperature

MOSFET

IGBT

MOSFET

GaN-FET

Tj = 25◦C

21.5

24.9

10.5

9

Tj = 125◦C

42.3

49.4

15

17.4

vices is evaluated at the junction temperature of 25◦C when the switching frequency
is increased from 50 to 150 kHz [5]. It is noticed that cascode GaN-FET along
with SiC-MOSFET exhibit a significantly lower switching power loss compared to
Si-MOSFET and Si-IGBT at a higher junction temperature and higher switching
frequency [5]. This major reduction in loss results from a small delay time and a
low rate of the dv/dt and di/dt during turn-on and turn-off transitions [5]. Table
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Figure 3.5: Switching power loss for different power devices as the switching frequency is increased from 50 to 150 kHz and the switch current is 12 A.
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Table 3.4: Conduction and switching power losses for different power devices.
Semiconductor device

Loss

Tj = 25◦C

Tj = 125◦C

Si-MOSFET

Pcon

17.3 W

38.9 W

Psw

21.5 W

42.3 W

Pcon

28.2 W

42.6 W

Psw

24.9 W

49.4 W

Pcon

9.4 W

12.9 W

Psw

10.5 W

15 W

Pcon

7.2 W

15.2 W

Psw

9W

17.4 W

Si-IGBT
SiC-MOSFET
Cascode GaN-FET

3.4 shows a comparative evaluation of conduction and switching power losses for
all devices at two junction temperatures of 25 and 125◦C while the switch current is
12 A and the switching frequency is 50 kHz [5]. Obviously, cascode GaN-FET and
SiC-MOSFET provide higher operating capabilities with remarkably lower conduction and switching losses among other devices [5].

3.5

Different Electrical Gate Parameters

Gate-source voltage, gate-driver circuit, and gate resistance are critical factors in
how power devices operate and switch efficiently because their switching behavior
relies upon these factors. The switching performance of the cascode GaN-FET is
assessed at different gate-driver circuits, gate source voltages, and gate resistance
values in order to find the optimal values of gate requirements.
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3.5.1

Gate Source Voltage

According to the device’s datasheet, the gate-source of the cascode GaN-FET
switches between –20 and +20 V, which is unrealistic to obtain a low switching energy loss during turn-on and turn-off transitions with this wide gate-source range.
This device is very sensitive to negative gate voltage due to GaN material properties. The cascode GaN-FET is examined at different gate-source voltages through
the DPT experiment. It achieves better switching behavior, especially in drainsource voltage, with a lower energy loss at the gate-source voltage of –5 and +15 V.
Figure 3.6 and Figure 3.7 show the cascode GaN-FET switching waveforms with
two different ranges of the gate-source voltage, which are –7/+18 V and –5/+15
V, during the turn-on transition. As a result, it is important to carefully tailor the
gate-source voltage in order to improve switching performance.

Figure 3.6: Turn-on waveforms with gate-source voltage of –7/+18 V at Vds = 360
V, Id = 12 A, and Tj = 25◦C.
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Figure 3.7: Turn-on waveforms with gate-source voltage of –5/+15 V at Vds = 360
V, Id = 12 A, and Tj = 25◦C.

3.5.2

Gate Driver Circuit

The characteristics of cascode GaN-FETs are studied to determine the most
suitable gate driver circuit for driving these devices. To achieve the greatest potential from GaN devices, the gate drivers must provide a wide range of gate-source
voltages and protect power devices from the avalanche current flowing into the gate
and the gate over-voltage. The Infineon (1EDI60I12AH) and Texas Instruments
(UCC5350SBD) drivers are the most compatible gate driver circuits with GaN devices based on the characteristics in the device datasheet. Figure 3.8 and Figure
3.9 present the cascode GaN-FET switching waveforms at two different gate driver
circuits during the turn-on transition. Therefore, the selection of gate-driver circuits
has a clear impact on the switching behavior of GaN devices.
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Figure 3.8: Turn-on waveforms with Texas Instruments UCC5350SBD driver at Vds
= 360 V and Id = 12 A.

Figure 3.9: Turn-on waveforms with Infineon 1EDI60I12AH driver at Vds = 360 V
and Id = 12 A.
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3.5.3

Gate Resistance Value

Similarly, gate resistance value plays a significant role in the switching performance of GaN devices. Increasing gate resistance increases the switching energy
loss. However, a higher value of gate resistance can greatly mitigate the overshoot
and reduce the oscillation resulting from the high current and voltage transients.
Figure 3.10 and Figure 3.11 show the turn-on waveforms of the cascode GaN-FET
at two different gate resistances of 5 and 20 Ω. Importantly, the choice of gate resistance is critical for the proper switching operation of cascode GaN-FET devices.

Figure 3.10: Turn-on waveforms at gate resistances of 5 Ω at Vds = 360 V and Id =
12 A.
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Figure 3.11: Turn-on waveforms at gate resistances of 20 Ω at Vds = 360 V and Id
= 12 A.

3.6

Summary

In this chapter, the DPT circuit, including the gate-driver circuit, load inductor,
and DC capacitor along with the measurement requirements, such as voltage and
current probes, for the switching characterization is discussed to study the switching
performance of each power device during turn-off and turn-on transitions. The
components implemented in the DPT circuit are explained with their specifications.
From DPT board, the switching energy losses and the rate of dv/dt and di/dt are
computed at different operating conditions as well as the power dissipation from
semiconductor switching devices is analyzed to evaluate the converter performance
and efficiency at different operating conditions. Compared to Si and SiC power
devices, the results showed that cascode GaN-FET provides a significantly lower
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semiconductor losses due to their smaller on-state resistance and shorter switching
times. Gate-source voltage, gate-driver circuit, and gate resistance considered to
be the most crucial factors in how power devices operate and switch efficiently
because their switching behavior are depending on these factors. As cascode GaNFET assessed experimentally, the gate-driver (1EDI60I12AH), from Infineon, is
used for driving operations while the turn-on and turn-off gate resistance values are
set-up as to15 and 5 Ω. In the meantime, the gate-source voltage is selected to be
–5/+15 To achieve better performance for GaN devices.
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Chapter 4
Cascode GaN-FET Switching
Characterization over Si-MOSFET
It is important to understand the device switching characteristic and performance in order to employ different semiconductor devices in power converters [5].
So, this chapter assesses and compares the dynamic characteristics of the cascode
GaN-FET and Si-MOSFET in terms of switching performance and energy loss [5].
The impacts of operating conditions such as gate resistance, switch current, junction
temperature, and DC-bus voltage on the switching device behavior are evaluated in
terms of energy losses [5]. The experimental results are analyzed and compared
between the two devices [5].

4.1

Switching Performance Evaluation

The switching performance of Si-MOSFET and cascode GaN-FET devices are
investigated and characterized under the hard-switching condition through the stan-
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dard inductive-clamped load test circuit, which is known as a double-pulse test
(DPT) [5, 63]. Table 4.1 lists the main parameters of two different power devices
that are examined under the same junction temperature, switch current, and input
voltage [5, 63]. These devices have the same package structures to ensure that they
contain exact parasitic inductance and capacitance effects [5, 63]. The gate-source
voltage and gate resistance of the used power devices provided in the manufacturer’s datasheet are taken into consideration for the evaluation [5, 63]. Because of
the nearly zero reverse-recovery effects, the SiC-Schottky diode is employed in the
DPT circuit to provide a freewheeling path for the inductor current as well as to
improve the switching behavior of the two power devices during the turn-on and
turn-off events [5, 125, 126].
Table 4.1: Core parameters of the two power devices examined.
Semiconductor device

Cascode GaN-FET

Si-MOSFET

Manufacturer

Transphorm

On Semiconductor

Part number

TP65H035WS

NTHL082N65S3F

Blocking voltage

650 V

650 V

Rating current

46.5 A

40 A

Max junction temperature

150 C

150◦C

Package

TO-247

TO-247

4.1.1

◦

Si-MOSFET Switching Waveforms

The drain-source voltage (Vds ) and drain current (Id ) of the Si-MOSFET is studied to evaluate its switching behavior during the turn-on and turn-off transitions at
the input voltage of 360 V, switch current of 12 A, and operating temperature of
25◦C [5]. The 650 V, 40 A Si-MOSFET device is tested with a gate-source (Vgs )
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voltage of –5 to +15 V for the turn-on and turn-off transitions while the turn-on
(Rg(on) ) and turn-off (Rg(of f ) ) gate resistance values are 15 and 5 Ω to achieve an
optimal lower switching energy loss and smaller overshoot [5, 63]. This device
shows fast switching frequencies with relatively lower on-state resistance [5, 63].
Figure 4.1 and Figure 4.2 show the drain-source voltage, drain current, gatesource voltage, and energy loss waveforms of the Si-MOSFET during the turn-on
and turn-off events [5]. The drain current waveform exhibits a high overshoot of
11 A along with a clear ringing in current and voltage waveforms during the turnon transition due to the capacitance of the diode [5, 72]. In this event, the timeon is 80 ns while the dv/dt and di/dt are 6.9 kV/µs and 0.9 kA/µs, respectively
[5, 63]. During the turn-off transition, there is a considerable overshoot of 132 V
along with a large ringing in both the current and voltage waveforms due to the

Figure 4.1: Turn-on waveforms of Si-MOSFET with Vgs = –5/+15 V, Rg(on) = 15
Ω, and Rg(of f ) = 5 Ω when Vds = 360 V, Id = 12 A, and Tj = 25◦C.
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Figure 4.2: Turn-off waveforms of Si-MOSFET with Vgs = –5/+15 V, Rg(on) = 15
Ω, and Rg(of f ) = 5 Ω when Vds = 360 V, Id = 12 A, and Tj = 25◦C.
stray inductance, which can be reduced by controlling the current commutation
loop [5, 58]. In this event, the time-off is 92.8 ns while the dv/dt and di/dt are 48
kV/µs and 1.5 kA/µs, respectively [5]. The measured turn-on and turn-off energy
losses are 94 and 30 µJ, respectively [5, 63].

4.1.2

Cascode GaN-FET Switching Waveforms

The drain current and drain-source voltage of the cascode GaN-FET is examined to assess its switching behavior during the turn-on and turn-off transitions at
the input voltage of 360 V, switch current of 12 A, and operating temperature of
25◦C [5]. The 650 V, 46.5 A cascode GaN-FET device operates at a gate-source
voltage of –5 to +15 V for the turn-on and turn-off events while the turn-on and
turn-off gate resistance values are 15 and 5 Ω to minimize energy losses and en-
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hance switching behavior [5]. The main advantages of this device are low on-state
resistance, high-switching speed, and small-intrinsic capacitance with ultra-low reverse recovery charge [5, 27].
Figure 4.3 and Figure 4.4 depict the drain-source voltage, drain current, gatesource voltage, and energy loss waveforms of the cascode GaN-FET during the
turn-on and turn-off events [5]. Noteworthy, the drain current waveform shows a
large overshoot of 15 A along with a major ringing in current and voltage waveforms during the turn-on transition because the reverse recovery charge of the internal body diode for the low voltage Si-MOSFET is embedded inside the cascode
GaN power device as well as the high Miller effects [5,107]. In this event, the timeon is 50 ns while the dv/dt and di/dt are 48 kV/µs and 1.3 kA/µs, respectively [5].
In the turn-off transition, there is a small overshoot of 36 V along with a very small

Figure 4.3: Turn-on waveforms of cascode GaN-FET with Vgs = –5/+15 V, Rg(on)
= 15 Ω, and Rg(of f ) = 5 Ω when Vds = 360 V, Id = 12 A, and Tj = 25◦C.
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Figure 4.4: Turn-off waveforms of cascode GaN-FET with Vgs = –5/+15 V, Rg(on)
= 15 Ω, and Rg(of f ) = 5 Ω when Vds = 360 V, Id = 12 A, and Tj = 25◦C.
ringing in both the drain current and drain-source voltage waveforms due to the cascode configuration and capacitance charge [5, 72, 127]. In this event, the time-off
is 60 ns while the dv/dt and di/dt are 23.2 kV/µs and 0.7 kA/µs, respectively [5].
The measured turn-on and turn-off energy losses are 29 and 22 µJ, respectively [5].

4.2

Switching Performance Comparison

Based on the experimental results, the cascode GaN-FET exhibits considerably
reduced energy losses compared to the Si-MOSFET because the switching time during the turn-on and turn-off events is much shorter than the Si device [5]. Though
the overshoot and ringing effects in the cascode GaN-FET are notable due to high
dv/dt and di/dt across the parasitic elements during the turn-on, the Si-MOSFET
shows a very large overshoot and ringing phenomenon in both the drain current and
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drain-source voltage waveforms during the turn-off [5, 27]. In the turn-off event,
the dv/dt and di/dt of the Si-MOSFET are larger than those in the cascode GaNFET device [5]. Table 4.2 summarizes the switching performance results of the
Si-MOSFET and cascode GaN-FET in turn-on and turn-off events.
Table 4.2: Switching behavior comparison between Si-MOSFET and cascode GaNFET devices.
Turn-on transition

Turn-off transition

Si-MOSFET

GaN-FET

Si-MOSFET

GaN-FET

Switching loss (µJ)

94

29

30

22

dv/dt (kV/µs)

6.9

48

48

23.2

di/dt (kA/µs)

0.9

1.3

1.5

0.7

Switching time (ns)

80

50

92.8

60

4.3

Switching Energy Loss Assessment

The switching energy losses of Si-MOSFET and cascode GaN-FET are evaluated at different operating conditions of gate resistance values, switch currents,
junction temperatures, and DC-bus voltages [5]. As previously discussed in chapter
3, the two devices are examined at the same gate requirements to distinguish their
switching performance [5]. In the meantime, the gate-driver circuit (1EDI60I12AH)
is used for driving each device as the gate-source voltage is –5/+15 V [5].

4.3.1

Different Gate Resistance Values

Gate resistance has a significant impact on the switching performance of devices [5]. The energy loss considerably increases at higher gate resistance so low52

ering gate resistance reduces the transient time of the switching device [5, 63]. This
process can help to minimize the energy loss; nevertheless, a smaller gate resistance
can increase the overshoot and ringing of device current and voltage during turn-on
and turn-off times [5, 63]. The choice of gate resistance is a critical factor for the
proper switching operation of power devices [5]. Therefore, Si-MOSFET and cascode GaN-FET are examined at different gate resistance values and each device is
operated at 360 V and 12 A [5].
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Figure 4.5: Turn-off and turn-on energy losses of Si-MOSFET and cascode GaNFET as the gate resistance is increased from 5 to 25 Ω.
The turn-off gate resistance is elevated from 5 to 25 Ω while the turn-on gate
resistance stays at a fixed value of 5 Ω [5]. The top Figure 4.5 illustrates that the
turn-off energy losses for both devices are nearly constant as increasing the turn-off
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gate resistance value [5]. At the turn-off gate resistance of 25 Ω, turn-off losses
of Si-MOSFET and cascode GaN-FET are 30 and 22 µJ, respectively [5]. The
bottom Figure 4.5 shows a major increase in turn-on losses for the Si-MOSFET
and cascode GaN-FET as the turn-on gate resistance is increased from 5 to 25 Ω
while the turn-off gate resistance remains fixed at 5 Ω [5]. However, the turn-on
loss of the cascode GaN-FET increases slightly with increasing the turn-on gate
resistance [5]. Turn-on losses of Si-MOSFET and cascode GaN-FET are 220 and
124 µJ, respectively, at the turn-on gate resistance of 25 Ω [5]. The cascode GaNFET obtains 43.6% reduction in the energy loss at a higher turn-on gate resistance
compared to the Si-MOSFET during the turn-on event [5]. This means that the
changing gate resistance value showa a major impact only on the turn-on energy
losses for both devices [5]. Table 4.3 shows the total energy loss comparison for
both devices at various gate resistances [5].
Table 4.3: Total energy loss of Si-MOSFET and cascode GaN-FET at different gate
resistance values.
Gate

Total switching energy losses (µJ)

resistance (Ω)

Si-MOSFET

Cascode GaN-FET

5

124

51

10

164

92

15

204

94

20

230

116

25

250

146

The effect of changing gate resistances on each switching device is evaluated
through the DPT circuit during turn-off and turn-on times [5]. The results show
that the turn-on loss for the Si-MOSFET is almost two times higher than the turnon loss for the cascode GaN-FET at the higher gate resistance value [5]. Therefore,
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different gate resistances have a notable influence on both switching performance
and energy loss of power devices during the two switching transitions [5]. Reducing
the turn-off and turn-on gate resistances can decrease the switching time and loss,
causing high the dv/dt and di/dt rates with large oscillation and overshoot in the
device voltage and current waveforms [5].
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Figure 4.6: Turn-off and turn-on dv/dt of Si-MOSFET and cascode GaN-FET as
the gate resistance is increased from 5 to 25 Ω.
Figure 4.6 and Figure 4.7 show dv/dt and di/dt rates of each device at various
gate resistances during the turn-off and turn-on events [5]. The dv/dt and di/dt
rates for Si-MOSFET and cascode GaN-FET are reduced by increasing gate resistance values [5]. The cascode GaN-FET exhibits higher rates because of high stray
parasitic elements and faster switching frequency compared to the Si-MOSFET [5].
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To mitigate the high dv/dt and di/dt rates in the switching performance of the cascode GaN-FET, the gate resistance during the turn-off and turn-on events should be
increased [5]. Thus, it is crucially important to obtain the optimal gate resistance
value for each semiconductor device employed in the power converter design [5].
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Figure 4.7: Turn-off and turn-on di/dt of Si-MOSFET and cascode GaN-FET as
the gate resistance is increased from 5 to 25 Ω.

4.3.2

Different Switch Currents

Si-MOSFET and cascode GaN-FET are performed under the input voltage of
360 V and junction temperature of 25◦C as the switch current is increased from
4 to 12 A [5, 27]. Table 4.4 highlights turn-on and turn-off energy losses of the
two devices at different switch currents [5]. The switching energy losses of the Si56

MOSFET, especially turn-on loss, are drastically high due to Miller current effect
[5, 27]. Although the turn-off loss of the two devices is quite similar, the turnTable 4.4: Comparison of turn-on and turn-off energy losses between Si-MOSFET
and cascode GaN-FET at different switch currents.
Si-MOSFET

Cascode GaN-FET

Current (A)

Eon (µJ)

Eof f (µJ) Eon (µJ)

Eof f (µJ)

4

39

20

8

26

6

49

21

10

27

8

62

25

14

28

10
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27
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29

12

98

31

24

30

125

100

75

50

25

4

6

8

10

12

Figure 4.8: Total switching energy loss of Si-MOSFET and cascode GaN-FET as
the switch current is increased from 4 to 12 A.
on loss of the Si-MOSFET is two times more than the turn-on loss of the GaNFET, particularly after the switch current is exceed 6 A [5]. Figure 4.8 illustrates
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the total switching energy loss for Si-MOSFET and cascode GaN-FET at different
switch currents, showing their effects on the total energy loss [5]. As the switch
current increases, the total energy loss of the two devices increases linearly [5, 27].
However, the total energy loss of the cascode GaN-FET is outstandingly reduced
by 57.8% compared to the loss of Si-MOSFET at the switch current of 12 A [5,27].
Thus, GaN is capable of operating at a higher current with lower energy loss [5].

4.3.3

Different Junction Temperatures

To investigate the effect of different operating temperatures, the hotplate is used
to heat only the device under test (DUT) while the entire DPT circuit is placed in the
room temperatures [5]. Figure 4.9 shows that the turn-on, turn-off, and total energy
losses of each device increase as the junction temperature is increased from 50 to
150◦C [5]. It is clear that the total energy loss of each device increases significantly
with increasing junction temperature [5], as shown in Table 4.5. However, the
cascode GaN-FET achieves remarkably lower total energy loss compared to SiMOSFET throughout different junction temperatures [5]. At the temperature of
100◦C, Figure 4.10 illustrates that the switching energy loss of the cascode GaNTable 4.5: Total energy loss of two tested devices at different junction temperatures.
Device

Total energy loss at different temperatures

technology

◦

50 C

100◦C

150◦C

SiMOSFET

114µJ

204µJ

250µJ

Cascode
GaN-FET

60µJ

130µJ

208µJ
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Figure 4.9: Turn-on and turn-off energy losses of Si-MOSFET and cascode GaNFET as the junction temperature is increased from 25 to 150◦C.
FET reduced by 36.3% compared to Si-MOSFET [5]. It means that GaN exhibits
excellent switching performance with lower losses at higher temperatures [5].

Figure 4.10: Total energy loss of Si-MOSFET and cascode GaN-FET at the junction
temperature of 100◦C.
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4.3.4

Different DC-bus Voltages

The switching energy losses of Si-MOSFET and cascode GaN-FET are assessed
at the switch current of 10 A and junction temperature of 25◦C as a function of increasing DC-bus voltage [5, 27]. Table 4.6 shows a comparison of the total energy
losses as the DC-bus voltage is increased from 200 to 360 V [5]. The switching energy losses are measured by integrating the instantaneous power during a commuted
interval [5,58], as the previously mentioned. The energy losses for Si-MOSFET and
cascode GaN-FET increases in conjunction with increasing the DC-bus voltage [5],
as shown in Figure 4.11. However, the cascode GaN-FET provides a lower total
energy loss as the DC-bus voltage increases [5, 58]. At the DC-bus voltage of 360
V and switch current of 10 A, the cascode GaN-FET reduces the total energy loss
by nearly 60% compared to the Si-MOSFET [5, 58]. Thus, GaN device provides
improved switching performance along with considerably reduced energy losses at
a higher voltage [5].
Table 4.6: Comparison of turn-on and turn-off energy losses between Si-MOSFET
and cascode GaN-FET at different DC-bus voltages.
Si-MOSFET
DC-bus voltage (V)

Eon (µJ) Eof f (µJ)

Cascode GaN-FET
Eon (µJ)

Eof f (µJ)

200

10

18

2

12

240

23

20

4

14

280

39

22

6

16

320

56

24

8

22

360

75

27

15

26
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Figure 4.11: Turn-on, turn-off, and total energy losses of Si-MOSFET and cascode
GaN-FET at switch current of 10 A as the voltage increased from 200 to 360 V.

4.4

Summary

The switching behavior and switching energy loss of Si-MOSFET and cascode
GaN-FET are analyzed and assessed through the DPT circuit. The turn-on and turnoff, total energy losses of the two tested devices are evaluated at various operating
points of a gate resistance value, switch current, junction temperature, and DCbus voltage because these high operating capabilities of the GaN device are major
advantages and benefits over the traditional Si device. The cascode GaN-FET offers
a major reduction in total energy loss compared to the Si-MOSFET as a function of
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increasing operating conditions. Compared to the Si-MOSFET, the cascode GaNFET exhibits excellent switching characteristics along with very low energy losses.
Therefore, GaN power device considerably enhances the switching performance of
the converter.
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Chapter 5
SiC-MOSFET Switching
Characterization over Si-IGBT
This chapter evaluates the dynamic behavior of Si-IGBT and SiC-MOSFET
power devices in terms of switching performance and energy loss. The effects of a
high gate resistance, switch current, and junction temperature, and DC-bus voltage
on the switching performance of the two tested power devices are examined in
order to implement the most suitable semiconductor devices for high-power and
high-switching converter applications. The experimental outcomes are assessed
and compared between the two devices.

5.1

Switching Performance Evaluation

The dynamic switching performance of the Si-IGBT and SiC-MOSFET power
devices is evaluated through DPT circuit during the turn-on and turn-off times. The
switching behavior of each device is captured at the DC-bus voltage of 360 V and
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switch current of 12 A as well as analyzed their performance in terms of current and
voltage overshoots, dv/dt and di/dt, switching times, and switching energy losses.
Table 5.1 provides the main parameters of Si-IGBT and SiC-MOSFET power devices used in the switching performance investigation. For a fair comparison, the
two different power devices are examined under identical junction temperatures and
the same device package to maintain the exact parasitic inductance and capacitance
effects along with avoiding inconsistency between switching results [63]. Nevertheless, the gate-source voltage and gate resistance of the two tested devices are
chosen based on the optical switching performance that can be archived, taking the
datasheet of each device into consideration [63].
Table 5.1: Fundamental parameters of the two power devices tested.
Semiconductor device

5.1.1

SiC-MOSFET

Si-IGBT

Manufacturer

ROHM

Infineon

Part number

SCT3060AL

IKW30N65H5

Blocking voltage

650 V

650 V

Rating current

39 A

55 A

◦

Max junction temperature

175 C

175◦C

Package

TO-247

TO-247

Si-IGBT Switching Waveforms

The switching behavior of the collector-emitter voltage (Vce ) and collector current (Ic ) of the Si-IGBT is assessed during the turn-on and turn-off transitions at
the input voltage of 360 V, switch current of 12 A, and operating temperature of
25◦C. The 650 V, 55 A Si-IGBT device is examined with a gate-emitter (Vge ) voltage of –5 to +15 V for the turn-on and turn-off events when the turn-on and turn-off
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gate resistance values are 15 and 5 Ω to have a lower energy loss and a smaller
overshoot in switching waveforms [63]. This device has a high current capability
and low saturation voltage with a relatively faster switching speed compared to the
other IGBTs [27].
Figure 5.1 and Figure 5.2 show the collector-emitter voltage, collector current,
gate-emitter voltage, and energy loss waveforms of the Si-IGBT during the turn-on
and turn-off events. The collector current waveform exhibits a high overshoot of 10
A along with a small ringing in current and voltage waveforms during the turn-on
event because of the commutation loop inductance [27]. In this event, the time-on
is 84.5 ns while the dv/dt and di/dt are 6.4 kV/µs and 0.96 kA/µs respectively.
During the turn-off event, there is a major overshoot of 98 V along with a large
ringing in the collector current and collector-emitter voltage waveforms due to the

Figure 5.1: Turn-on waveforms of Si-IGBT with Vge = –5/+15 V, Rg(on) = 15 Ω,
and Rg(of f ) = 5 Ω when Vce = 360 V, Ic = 12 A, and Tj = 25◦C.
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Figure 5.2: Turn-off waveforms of Si-IGBT with Vge = –5/+15 V, Rg(on) = 15 Ω,
and Rg(of f ) = 5 Ω when Vce = 360 V, Ic = 12 A, and Tj = 25◦C.
tailing current effect [27, 128, 129]. In this event, the time-off is 120 ns when the
dv/dt and di/dt are 6.7 kV/µs and 0.21 kA/µs, respectively. The measured turn-on
and turn-off energy losses are 102 and 108 µJ, respectively.

5.1.2

SiC-MOSFET Switching Waveforms

The drain current and drain-source voltage waveforms of the SiC-MOSFET is
tested to evaluate its switching behavior during the turn-on and turn-off events at
the input voltage of 360 V, switch current of 12 A, and operating temperature of
25◦C [5]. The 650 V, 39 A SiC-MOSFET device operates at a gate-source voltage
of –5 to +15 V for the turn-on and turn-off switching times when the turn-on and
turn-off gate resistance values are set at 15 and 5 Ω to decrease energy losses and
improve switching performance [5, 63]. The prime advantages of this device are a
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low on-state resistance, small gate charge, and high switching frequency with fast
reverse recovery [5, 72].
Figure 5.3 and Figure 5.4 show the drain-source voltage, drain current, gatesource voltage, and energy loss waveforms of the SiC-MOSFET during the turnon and turn-off events [5]. The drain current waveform shows a small overshoot
of 6 A along with a very slight ringing in current waveform during the turn-on
event because of the reverse recovery charge of the body diode [5, 72]. In this
event, the time-on is 82 ns when the dv/dt and di/dt are 3.5 kV/µs and 0.4 kA/µs,
respectively [5]. During the turn-off event, there is a large overshoot of 112 V along
with a considerable ringing in the drain current and drain-source voltage waveforms
due to the parasitic effects [5,63,130,131]. In this event, the time-off is 54 ns when

Figure 5.3: Turn-on waveforms of SiC-MOSFET with Vgs = –5/+15 V, Rg(on) = 15
Ω, and Rg(of f ) = 5 Ω when Vds = 360 V, Id = 12 A, and Tj = 25◦C.
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Figure 5.4: Turn-off waveforms of SiC-MOSFET with Vgs = –5/+15 V, Rg(on) = 15
Ω, and Rg(of f ) = 5 Ω when Vds = 360 V, Id = 12 A, and Tj = 25◦C.
the dv/dt and di/dt are 11.1 kA/µs and 0.3 kA/µs, respectively [5]. The measured
turn-on and turn-off energy losses are 96 and 52 µJ, respectively [5].

5.2

Switching Performance Comparison

According to the experimental results, the SiC-MOSFET show a major improvement in the overall switching performance. The SiC-MOSFET offers a significant reduction in switching energy losses compared to the Si-IGBT because the
switching time is smaller than the Si device during the turn-on and turn-off events.
Though the overshoot and ringing effects in both Si-IGBT and SiC-MOSFET are
notable due to high dv/dt and di/dt during the turn-off time, the Si-IGBT shows a
very larger overshoot and ringing phenomenon in the drain-source voltage and drain
current waveforms during the turn-off event [27]. In the turn-on event, the dv/dt
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and di/dt of the Si-IGBT are larger than those in the SiC-MOSFET device. Table
5.2 sums up the switching performance results of the SiC-MOSFET and Si-IGBT
in turn-on and turn-off events.
Table 5.2: Switching behavior comparison between Si-IGBT and SiC-MOSFET
devices.
Turn-on event

Turn-off event

Si-IGBT

SiC-MOSFET

Si-IGBT

SiC-MOSFET

Switching loss (µJ)

102

96

108

52

dv/dt (kV/µs)

6.4

3.5

6.7

11.1

di/dt (kA/µs)

0.96

0.4

0.21

0.3

Switching time (ns)

84.5

82

120
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5.3

Switching Energy Loss Assessment

The turn-on and turn-off energy losses of Si-IGBT and SiC-MOSFET are assessed as the gate resistance value, switch current, junction temperature, and DCbus voltage are increased. The two power devices are tested at the same gate requirements to investigate their switching performance. The gate-driver of Infineon
(1EDI60I12AH) is used for driving SiC-MOSFET while the gate-driver of Infineon
(1EDI60H12AH) is employed for driving Si-IGBT as the gate-source voltage is
–5/+15 V for both devices.

5.3.1

Various Gate Resistance Values

Gate resistance plays a major role in improving the switching performance of
power devices because energy loss considerably increases with a high gate resis69

tance and reducing gate resistance can minimize the transient time of the switching
device. Although lowering gate resistance can help to decrease the energy loss,
the small gate resistance can cause a large overshoot along with a major ringing
in the device voltage and current during turn-on and turn-off transitions [27]. The
value of gate resistance should be chosen very careful in order to obtain the proper
switching operation for power devices. Thus, Si-IGBT and SiC-MOSFET devices
are investigated at different gate resistance values.
Table 5.3: Comparison of turn-on and turn-off energy losses between Si-IGBT and
SiC-MOSFET at various gate resistance values.
Turn-on energy loss (µJ)

Turn-off energy loss (µJ)

Gate resistance

Si-IGBT

SiC-MOSFET

Si-IGBT

SiC-MOSFET

5Ω

39

20

8

26

10 Ω

49

21

10

27

15 Ω

62

25

14

28

20 Ω

75

27

18

29

25 Ω

98

31

24

30

The Si and SiC semiconductor devices are evaluated at the input voltage of 360
V and switch current of 12 A with increasing gate resistance value, as show in Table
5.3. The turn-on energy losses for the two tested devices are calculated as the turnon gate resistance increased from 5 to 25 Ω and the turn-off gate resistance is fixed
at 5 Ω. At the turn-on gate resistance of 25 Ω, turn-on energy losses of Si-IGBT
and SiC-MOSFET are 98 and 31 µ, respectively. On the other hand, the turn-off
energy losses for both devices are computed when the turn-off gate resistance is
elevated from 5 to 25 Ω and the turn-on gate resistance stays at a fixed value of 5
Ω. At the turn-off gate resistance of 25 Ω, turn-off energy losses of Si-IGBT and
SiC-MOSFET are 24 and 30 µ, respectively.
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Figure 5.5: Total energy loss of Si-IGBT and SiC-MOSFET as the gate resistance
is increased from 5 to 25 V.
Though the turn-off energy losses for both devices are relatively similar, there
in a big difference in the turn-on energy losses between the Si and SiC devices at
a higher gate resistance value. It is obvious that the SiC-MOSFET achieves 68.4%
reduction in the turn-on energy loss compared to the Si-MOSFET at the turn-on
gate resistance of 25 Ω. Figure 5.5 shows the total energy loss comparison for both
devices at various gate resistances. Therefore, the changing gate resistance value
has a significant impact only on the turn-on energy losses for both devices, where
SiC-MOSFET provides a lower switching loss throughout different gate resistance
values.
Figure 5.6 and Figure 5.7 show dv/dt and di/dt rates for Si and SiC devices during the turn-off and turn-on events when the gate resistance value is increased from
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Figure 5.6: Turn-off and turn-on dv/dt of Si-IGBT and SiC-MOSFET as the gate
resistance is increased from 5 to 25 Ω.
5 to 25 Ω. It is noted that dv/dt and di/dt rates for Si-IGBT and SiC-MOSFET
are reduced by increasing gate resistance value. The SiC-MOSFET exhibits higher
dv/dt and di/dt rates during the turn-off transitions because of higher stray parasitic elements and faster switching frequency compared to the Si-IGBT. To reduce
the high rates of dv/dt and di/dt for the SiC-MOSFET, the gate resistance during the turn-off and turn-on times should be increased to gain a better switching
performance, leading to improved power converters.
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Figure 5.7: Turn-off and turn-on di/dt of Si-IGBT and SiC-MOSFET as the gate
resistance increased from 5 to 25 Ω.

5.3.2

Various Switch Currents

Si-IGBT and SiC-MOSFET are performed and tested through DPT circuit under
the input voltage of 360 V and junction temperature of 25◦C as the switch current
is increased from 4 to 12 A [63]. The turn-on and turn-off gate resistance values
for each device are selected to be 5 and 15 Ω. Figure 5.8 illustrates that turn-on
and turn-off energy losses for Si and SiC devices are increased in conjunction with
increasing switch current. Although the turn-on energy loss of two tested devices
is quite similar, the turn-off energy loss of the Si-IGBT is significantly higher than
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the turn-off loss of the SiC-MOSFET, particularly after the switch current is exceed
6 A.
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Figure 5.8: Turn-off and turn-on energy losses of Si-IGBT and SiC-MOSFET as
the switch current is increased from 4 to 12 A.

Table 5.4 highlights a comparison of total switching energy loss of the two devices at different switch currents, which can have a major impact on the energy
loss. As the switch current increases, the total energy loss of the two devices increases linearly [27]. Nevertheless, the total energy loss of the SiC-MOSFET is
remarkably reduced by 29.5% compared to the total energy loss of the Si-MOSFET
at the switch current of 12 A [63]. The high reduction in the total loss of the SiCMOSFET results from its lower internal gate resistances and smaller input capaci-
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tance. Therefore, SiC device is enabling power converter to work at a higher current
with much lower energy loss.
Table 5.4: Total energy loss of Si-IGBT and SiC-MOSFET at various switch currents.
Total switching energy loss (µJ)

5.3.3

Switch current

Si-IGBT

SiC-MOSFET

4A

84

69

6A

125

82

8A

154

95

10 A

184

112

12 A

210

148

Various Junction Temperatures

The effect of raising operating temperatures on switching total energy losses for
Si and SiC power switches is investigated through the hotplate utilizing to heat only
the device under test while the entire DPT circuit is placed in the room temperatures. For the safe operation, the heat sink of the tested device is connected to the hot
plate by an external heat sink in order to increase the operation temperature. Figure
5.9 presents the turn-on, turn-off, and total energy losses of each device increase
as function of increasing junction temperature from 50 to 150◦C. It is obvious
that switching energy losses of Si-IGBT and SiC-MOSFET increase significantly
as the junction temperature is raised. However, the SiC-MOSFET provides smaller
switching energy losses compared to the Si-MOSFET throughout different junction
temperatures. Figure 5.10 illustrates that the total loss of the SiC-MOSFET is reduced by 35.4% compared to the Si-IGBT at the temperature of 150◦C. Thus, SiC
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device shows an excellent switching performance with remarkably lower energy
losses at higher operating temperatures.
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Figure 5.9: Turn-on, turn-off, and total energy losses of Si-IGBT and SiC-MOSFET
as the junction temperature increased from 25 to 150◦C.
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Figure 5.10: Total energy loss of Si-IGBT and SiC-MOSFET at the junction temperature of 150◦C.

5.3.4

Various DC-bus Voltages

The total energy losses of Si-IGBT and SiC-MOSFET are analyzed at the switch
current of 10 A and operating temperature of 25◦C at a high DC-bus voltage. The
switching energy losses are measured by integrating the instantaneous power during
turn-on and turn-off times [72], as the previously mentioned. Table 5.5 shows a
comparison of turn-on and turn-off energy losses as the DC-bus voltage is increased
by the high-voltage DC power supply from 200 to 360 V. It is noted that the both
energy losses for Si-IGBT and SiC-MOSFET are increased in conjunction with
increasing the DC-bus voltage. Figure 5.11 illustrates that the total energy loss for
Si and SiC devices is significantly increased, particularly after the DC-bus voltage
exceeds 280 V. Nevertheless, the SiC-MOSFET offers a lower total energy loss
at different DC-bus voltages. Compared to the Si-IGBT, the SiC-MOSFET has a
considerable reduction in the total energy loss by nearly 47% at the DC-bus voltage
of 360 V and switch current of 10 A. Therefore, SiC device exhibits improved

77

switching performance along with highly minimized turn-on and turn-off energy
losses at a higher DC-bus voltage.
Table 5.5: Comparison of turn-on and turn-off energy losses between Si-IGBT and
SiC-MOSFET at various DC-bus voltages.
Turn-on energy loss (µJ)

Turn-off energy loss (µJ)

DC-bus voltage

Si-IGBT

SiC-MOSFET

Si-IGBT

SiC-MOSFET

200 V

43

49

60

21

240 V

50

59

64

22

280 V

57

67

76

25

320 V

70
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92

29

360 V

102

80

108

32

225
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Figure 5.11: Total switching energy loss of Si-IGBT and SiC-MOSFET as the DCbus voltage increased from 200 to 360 V.
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5.4

Summary

The energy loss for Si-IGBT and SiC-MOSFET during turn-on and turn-off
events is evaluated through the DPT circuit. The turn-on and turn-off, total energy losses of the Si and SiC semiconductors are investigated at different operating
points of a gate resistance value, switch current, junction temperature, and DCbus voltage because these high operating capabilities are very important factors for
power conversion systems. The SiC-MOSFET shows a remarkable reduction in
total energy loss compared to the Si-IGBT at harsh operating conditions. The results reveal that the SiC-MOSFET exhibits better switching characteristics along
with lower switching energy losses compared to the Si-MOSFET. Thus, SiC power
devices substantially enhance the switching performance of the converters used in
high-power and high-temperature applications.
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Chapter 6
Overview of Bidirectional DC–DC
Power Converters
This chapter presents the background description and state-of-the-art of bidirectional DC–DC converters to expound this research and its novelty. It begins
with describing bidirectional DC–DC power converters, including isolated and nonisolated bidirectional topologies. Due to appealing advantages and wide implementation of non-isolated bidirectional topologies in medium-voltage applications, this
dissertation mainly focuses on the non-isolated converters. Various non-isolated
bidirectional DC–DC converters are demonstrated and compared to find an optimal
choice for power converters employed in DC microgrids. The operation and analysis of the bidirectional DC–DC power converter are described in this dissertation
along with design considerations.
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6.1

State-of-the-art of Bidirectional DC–DC
Converter Technology

DC microgrids, energy storage elements, automotive applications, and renewable energy systems are essentially required integrating bidirectional power converters in order to ensure the power flow in forward and reverse directions between
energy storage elements and DC-buses at different voltage and current levels [132].
Figure 6.1 depicts a typical DC microgrid where bidirectional power electronics are
widely implemented [5]. Bidirectional converters play a pivotal role in interfacing
DC microgrid, including various distributed energy systems, with utility networks
and they control power flow and microgrid operation during the grid-connected
mode and islanding mode [5, 133]. These converters are indispensable parts in
automotive systems and energy storage devices to provide different voltage ratios
between input and output along with improving the power conversion system and
the stability of the DC microgrid [5, 134]. In addition, bidirectional power converters are widely incorporated in the most exciting distributed renewable energy
systems that are utilized batteries or super-capacitors in order to compensate the
variability of alternative energy sources, such as PV and wind, and also to provide
a stable and smooth power flow to the load [135, 136]. Therefore, the bidirectional
power converters are attracted a great deal of interests in diverse applications due
to their remarkable capabilities of grid synchronization, power management and
bidirectional power flow operation.
The worldwide development and rapid penetration of renewable energy systems, energy storage devices, electric vehicle applications pose increasing require-
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Figure 6.1: A typical DC microgrid system where various bidirectional converters
are used [139].
ments and demands for bidirectional DC–DC converters as the majority of these
sources are DC power, especially in distribution sectors [137–139]. By connecting
different power sources with energy storage elements or DC buses, bidirectional
converter topology considerably minimizes the system size and enhances the performance of energy efficiency as it avoids using two individual power converters
for forward and reverse power flows [140, 141]. Based on the position of the energy storage devices, the bidirectional DC–DC converter works as either a buck
or boost mode, where control operating system is performed to regulate the current or voltage into a desired level [142, 143]. Bidirectional DC–DC converters
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are basically divided into two main categories depending on their input circuitry.
The first one is a current-fed bidirectional power converter, which has an input inductor acting as a current source at the input circuit [144]. The second one is a
voltage-fed bidirectional power converter, which has a capacitor acting as a voltage
source at its terminals. Based on the galvanic isolation between the input and output
voltage [145], bidirectional DC–DC power converters are classified into two major
groups of structures which are non-isolated and isolated converters [5], as shown in
Figure 6.2.

Figure 6.2: Bidirectional DC-DC converter topology classification.

6.1.1

Isolated Bidirectional DC–DC Converters

Electrical galvanic isolation is a significant feature for a wide range of highswitching speed and high-power density applications, especially in grid-tied DC–
DC converters, that require a reliable power transfer with major noise and electro83

magnetic interference (EMI) reductions. Based on the safety standard that is applicable a large number of power conversion systems, the voltage level of galvanic
isolation between the input and output side of power converters can be accomplished by either a coupled inductor or transformer. The safety factor is considered
a major concern in numerous applications such as avionics, military, medical systems containing some sensitive DC loads, which can susceptible to any noise and
fault. Voltage matching is also highly required in these applications for designing
and optimizing the voltage level between different stages of eclectic power system.

Figure 6.3: Isolated bidirectional DC–DC power flow illustration.
Predominantly, the electrical galvanic isolation is necessary since it offers isolation between the input- and output-side voltage along with a high conversion gain
ratio as well as the benefits of implementing multi-input or multi-output converters [145]. However, the main drawbacks of these isolated converters are high weight
and cost along with low energy efficiency due to the leakage inductance effects, resulting from the transformer. The power flow of the isolated bidirectional DC–DC
power converters is illustrated in Figure 6.3. In this category, the isolated bidirectional converters essentially convert the DC voltage level to AC voltage going
through the magnetic component of a transformer to rectify the AC waveform to
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DC waveform [145]. Compared to the non-isolated topologies, the isolated converter topologies have commonly higher voltage gain ability.

6.1.2

Non-Isolated Bidirectional DC–DC Converters

Non-isolated, which is known as transformer-less, bidirectional DC–DC converters are increasingly gaining a lot of attention due to the acute need to power
electronics with high efficiency and bidirectional power flow capability between
two DC buses or energy storage sources [5]. The power flow of the non-isolated
bidirectional DC–DC converters is illustrated in Figure 6.4 [5]. Because these converters do not implement electrical galvanic isolation in their configuration, they
outstandingly exhibit the appealing advantages of straightforward structure, light
weight, increased efficiency, improved power density, reduced size, and minimized
cost [5, 27].

Figure 6.4: Non-isolated bidirectional DC–DC power flow illustration.
Owing to their remarkable advantages, non-isolated bidirectional DC–DC power
converters are rapidly used in low-to-medium power applications such as renewable
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energy conversion systems, battery energy storages, UPS, fuel cell energy systems,
and hybrid electric vehicles (HEV), where the efficiency, size, weight are major
concerns. Non-isolated bidirectional DC–DC power converters are categorized
into main topologies such as buck-boost (half-bridge) converter, inverting buckboost converter, Cuk converter, SEPIC/Luo converter, interleaved converter, cascaded converter, switched capacitor converter, and multilevel converter. Table 6.1
presents the key comparison of all non-isolated bidirectional DC–DC power converters. Figure 6.5 depicts the most commonly used bidirectional DC–DC topologies in medium-voltage applications. They are buck-boost (half-bridge) converter,
inverting buck-boost converter, interleaved converter, and cascaded converter.

Figure 6.5: Commonly used non-isolated DC–DC bidirectional topologies: (a) basic buck-boost (half-bridge) converter, (b) inverting buck-boost converter, (c) interleaved converter, and (d) cascaded converter.
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Table 6.1: Comparison of non-isolated bidirectional DC–DC converters.
VL /VH

VH /VL

(buck mode)

(boost mode)

1.Basic
buck-boost
converter

d

2.Inverting
buck-boost
converter
3.Cuk
converter

Bidirectional
topology

Switch

L

C

1/(1 − d)

2

1

2

−d/(1 − d)

−d/(d − d)

2

1

1

−d/(1 − d)

−d/(1 − d)

2

2

3

d/(1 − d)

2

2

2

4.SEPIC/Luo d/(1 − d)
converter

6.2

5.Interleaved
converter

d

1/(1 − d)

4

2

2

6.Cascaded
converter

d

1/(1 − d)

4

1

2

7.Switchedcapacitor
converter

1/2

2

4

0

3

8.Multilevel
converter

n/2

n

n(n + 1)

0

n(n + 1)/2

Converter Operation and Modeling

Fundamentally, the non-isolated bidirectional DC–DC buck-boost converter is
derived from the unidirectional counterpart by replacing a diode with a full controllable switch in its structure. In DC microgrid and storage systems, this converter
is capable of providing a bidirectional power flow between DC buses and energy
storage elements along with a flexible control system for charge and discharge operations [27]. Figure 6.6 depicts the schematic of the non-isolated bidirectional
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buck-boost converter, which is connecting a low-side voltage (VL ), such as a batteries or super-capacitor, with a high-side voltage (VH ), like DC link or bus. This
converter is composed of one inductor (L), two capacitors (C1 , C2 ) for low- and
high-side voltages, two switching devices (S1 , S2 ), and two anti-parallel diodes
(D1 , D2 ), acting as free-wheeling diodes [5].
The bidirectional converter performs as a buck converter (discharge mode) from
the low voltage to high voltage level and it works as a boost converter (charge mode)
when operating in the reverse direction [5]. In the bidirectional DC–DC buck-boost
converter, the inductor is considered the main energy transfer element, which is
accountable for the output current ripple [5]. This converter can step-down or stepup the voltage depending on the status of two power switching devices, such as
MOSFETs and IGBTs, combined with anti-parallel diodes, which are acting as
freewheeling diodes, respectively [5]. As the bidirectional buck-boost converter is
assumed to work in the continuous conduction mode (CCM), the principle operation of the bidirectional buck-boost converter can be demonstrated in the two main
modes, as follows:

Figure 6.6: Structure of a non-isolated bidirectional DC–DC buck-boost converter.
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• Buck (charge) mode: The upper S1 switch and the lower D2 diode operate
as a buck converter with energy flowing from the high-side voltage to the
low-side voltage so the battery is charged during regenerative braking period,
whereas the lower S2 switch and upper D1 diode are turned off all the time.
Figure 6.7(a) illustrates the operation of the bidirectional buck-boost converter in the charge mode. The buck mode can be divided into two intervals
depending on the conduction of the S1 switch and D2 diode. In the first interval, the S1 switch is turned on while the S2 switch is turned off and the D1
and D2 diodes are reversed. The inductor gets charged up linearly by the high
voltage. The low-side capacitor also gets charged, causing that the inductor
current is increased linearly with slope. In the second interval, the D2 diode
is conducting while the S1 and S2 switches are turned off and the D1 diode
is reversed. The inductor current starts to decrease linearly with slope as it is
passing through the freewheeling diode D2 . Therefore, the voltage across the
battery is stepped down compared with the high voltage.
• Boost (discharge) mode: The lower S2 switch and upper D1 diode work as
a boost converter with energy flowing from the low-side voltage to the highside voltage so the battery is discharged during this duration, whereas the
upper S1 switch and lower D2 diode are turned off all the time. Figure 6.7(b)
illustrates the operation of the bidirectional buck-boost converter in the discharge mode. The boost mode can be divided into two intervals depending on
the conduction of the S2 switch and D1 diode. The operating waveforms for
the non-isolated bidirectional DC–DC buck-boost converter in boost mode at
CCM are plotted in Figure 6.8. In the first interval, the S2 switch is turned
on while the S1 switch is turned off and the D2 diodes is reversed. The lower
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voltage battery charges the inductor element and the inductor current is increasing linearly as long as the S2 switch is conducting. Because the diode
D1 is reversed biased in the discharge mode as well as the switch S1 is turned
off, the current is not passing through the switch S1 . In the second interval,
the D1 diode is conducting while the S1 and S2 switches are turned off and
the D2 diode is reversed. The inductor current starts to decrease linearly with
slope. As the inductor is discharged, the high-side capacitor begins to be
charged by the current discharging from the battery. Thus, the output voltage
at the high side is stepped up compared to the low-side voltage.

Figure 6.7: Non-isolated bidirectional DC–DC buck-boost topology: (a) buck mode
operation and (b) boost mode operation.
The voltage of energy storage element, such as a battery and ultra-capacitor, is
lower than the voltage of the DC link or bus. The polarity and output voltage of the
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Figure 6.8: Operating waveforms for the non-isolated bidirectional DC–DC buckboost converter in boost mode at CCM.
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energy storage systems set to be the same with respect to the common ground in
DC microgrid. The bidirectional buck-boost converter is linked the energy storage
device at the low-side voltage with the DC bus at high-side voltage. In the discontinuous conduction mode (DCM), the bidirectional converter is required to operate
at high switching frequency with a sufficient filtering capacitor on both sides in order to obtain a smooth output power. The low-side and high-side voltages could
be operating at a fixed duty cycle of power switching devices, such as MOSFETs
and diodes, assuming that the voltage drop across these devices is neglected. The
duty cycle (d) during the switching time (Tsw ) of bidirectional DC–DC buck-boost
converter is presented as follows:

d=

ton
Tsw

(1 − d) =

(6.1)

tof f
Tsw

Tsw = ton + tof f =

(6.2)

1
fsw

(6.3)

where ton and tof f are the time-on and time-off while fsw is the switching frequency.
The analysis of the bidirectional converter is presented in the steady-state operation at the buck and boost modes, considering the average modeling values. The
average inductor voltage along with the net change in the inductor current are considered to be zero for periodic operation. In the buck-mode operation, the derivative
of the current flowing in the inductor is a positive constant during the first interval
as the S1 switch is turned on, as follows:
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∆iL
VH − VL
∆iL
=
=
∆t
d Tsw
L

(6.4)

where VL and VH are the low-side and high-side voltages while ∆iL is the inductor
ripple current, which is equal to the low-side current. In the second interval, the
derivative of the inductor current is a negative constant as the S1 switch is turned
off, as follows:
∆iL
∆iL
−VL
=
=
∆t
(1 − d) Tsw
L

(6.5)

Since the net change in the inductor current is considered to be zero over one
period, the relationship between low-side and high-side voltages is described, as
follows:

(

−VL
VH − VL
) d Tsw + (
) (1 − d) Tsw = 0
L
L

VH =

VL
d

(6.6)

(6.7)

To obtain an efficient power conversion, the duty ratio should remain smaller
than the unity. Therefore, the converter in the buck mode is capable of converting
an output voltage to equal or less than the input voltage level. In the meantime,
the converter in the boost-mode is able to converter an output voltage to equal or
larger than the input voltage level. In the boost-mode operation, the derivative of the
current passing through the inductor is a positive constant during the first interval
as the S2 switch is turned on, as follows:
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∆iL
VL
∆iL
=
=
∆t
d Tsw
L

(6.8)

In the second interval, the derivative of the inductor current is a negative constant as the S2 switch is turned off, as follows:
∆iL
∆iL
VL − VH
=
=
∆t
(1 − d) Tsw
L

(6.9)

Since the net change in the inductor current is considered to be zero over one
period, the relationship between low-side and high-side voltages is described, as
follows:

(

VL
VL − VL
) d Tsw + (
) (1 − d) Tsw = 0
L
L

VH =

VL
(1 − d)

(6.10)

(6.11)

Furthermore, the state-space averaging method is applied for the modeling of
the bidirectional DC–DC buck-boost converter in the balanced current and small
ripple assumptions as well as the dead-time effect and the variation of conduction
voltage drop in bidirectional power flow directions are neglected [5]. It is noteworthy that the inductor parasitic resistance (Rlp ) and on-state resistance (Rds(on) ) are
involved in this model because they exhibit a critical impact on converter performance [5]. As shown in Figure 6.6, there are three energy storage elements, which
are inductor, low-side capacitor, and high-side capacitor. The size of the inductor and two capacitors depends on the maximum allowable ripple in the inductor
current and the capacitor voltage [5]. The converter can operate either charge or
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discharge mode while each mode has always two intervals [5]. In the buck mode,
when the S1 switch is turned on and the S2 switch is turned off, inductor voltage
across the inductor and capacitor currents are illustrated, as follows [5]:

L

diL
+ diL (Rlp − Rds(on) ) = vc2 − vc1
dt

(6.12)

vc1 − VL
dvc1
= iL −
dt
RL

(6.13)

vc2 − VH
dvc2
= −(iL +
)
dt
RL

(6.14)

C1

C2

Where vc1 and vc2 are low- and high-side capacitor voltages, RL and RH are
low- and high-side resistive loads [5]. In the boost mode, when the S2 switch is
turned on and the S1 switch is turned off, inductor voltage across the inductor and
capacitor currents are described, as follows [5]:

L

diL
+ diL (Rlp − Rds(on) ) = −vc1
dt

(6.15)

dvc1
vc1 − VL
= iL −
dt
RH

(6.16)

dvc2
vc2 − VH
=−
dt
RH

(6.17)

C1

C2
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6.3

Converter Design and Considerations

Among various non-isolated bidirectional DC–DC topologies, the bidirectional
buck-boost converter is tremendously utilized in DC microgrids, which provides a
sustainable approach for implementing renewable energy, automotive, and energy
storage applications. This converter contains outstanding advantages of simpler
structure, higher efficiency, smaller volume, lighter weight, and lower cost due to
the straightforward operation principle and minimum components used in the power
converters. In this dissertation, the basic background description and review of the
state-of-the-art bidirectional DC–DC power converters are demonstrated firstly to
elucidate the scope of this research and its novelty. As the critical challenges of
the bidirectional buck-boost converter was previously specified in chapter 1, WBG
semiconductor technology is exploited in order to mitigate converter issues related
to switching performance and energy efficiency. The improved converter is proposed with the advantages of integrating a new cascode GaN power devices along
with SiC-Schottky diodes for high-power and high-frequency bidirectional converter applications.
Table 6.2: Main specifications for the bidirectional DC–DC buck-boost converter.
Converter parameter

Symbol

Value

Rating power

Pr

500 W

High-side (DC bus) voltage

VH

400 V

Low-side (Battery) voltage

VL

48 – 96 V

Switching frequency

fsw

40 – 200 kHz

L

20 mH

C1 , C2

16 µF

Inductor
Low-side and high-side capacitors

96

Table 6.2 highlights the converter specifications, which are compatible with renewable energy sources and energy storage applications employed in DC microgrid
systems [5]. The converter is designed to work in continuous conduction mode in
order to investigate the impacts of various semiconductors on the converter performance [5,27]. The size of reactive components, such as capacitors and inductors, is
characterized based on their optimal values determined in the buck-mode and boostmode operation, taking different switching frequencies into consideration [5].

6.4

Summary

The background description and state-of-the-art of bidirectional DC–DC converters are demonstrated in order to show their important role in power conversion
systems, especially in distribution sector. Because of bidirectional converter capabilities, a large number of new applications, such as energy storage elements, UPS,
HEV, and renewable energy systems, are increasingly implemented in DC microgrids. The classification of bidirectional DC–DC converter topologies, including
isolated and non-isolated bidirectional topologies, is described with their disadvantage and advantage. Due to the widespread integration of non-isolated bidirectional
topologies in medium-voltage applications, various non-isolated bidirectional DC–
DC converters are focused and compared in this chapter. The operation and modeling of bidirectional DC–DC buck-boost converters are comprehensively presented
because of their remarkable benefits among other converters employed in DC microgrids. The converter design and its operating considerations are illustrated to
accomplish the experimental results.
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Chapter 7
Bidirectional Converter Evaluation
Based on WBG Technology
The objective of this chapter is to demonstrate the effects of merging various
new semiconductor devices into power converters [5]. The switching performance
of cascode GaN-FETs, SiC-MOSFETs, and Si-MOSFETs employed in the bidirectional converter is examined with the same power converter layout [5]. The semiconductor losses, including conduction and switching power losses that occurred in
power devices, are analyzed and compared at various operating temperatures and
switching frequencies [5]. The overall performance of the GaN-based converter is
experimentally evaluated at harsh operating conditions and compared it to Si-based
and SiC-based converters in terms of total power loss, overall efficiency, and cost
to realize the benefits of using GaN technology [5].
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7.1

Converter Performance Evaluation

To evaluate the impacts of using different semiconductor device technologies on
power converters in terms of switching performance, total power loss, and energy
efficiency, three bidirectional DC–DC buck-boost converters are built and examined: the first one is constructed with traditional Si-MOSFETs and Si-diodes, the
second one is constructed with common SiC-MOSFETs and SiC-Schottky diodes,
and the third one is constructed with new cascode GaN-FETs and SiC-Schottky
diodes [5]. Figure 7.1 shows three bidirectional converters with different power
devices. These converters are assessed at various switching frequencies, input voltages, load currents, and output power levels, which are the most crucial operating parameters in power systems [5, 27]. SiC-Schottky diodes (C3D16065D1) are
incorporated in WBG-based converters because these diodes have the remarkable
advantages of a higher blocking voltage, ultra-faster switching speed, and virtually
zero reverse-recovery loss compared to Si-diodes (IDW30C65D1) [5, 27]. The key
electrical parameters of different power devices are listed in Table 7.1. These de-

Figure 7.1: Three bidirectional DC–DC buck-boost converters with different semiconductor device technologies.
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vices are selected based on their compatibility with converter’s operating modes as
well as their similarity in electrical characteristics [5, 27].
Table 7.1: Key parameters of power devices integrated into bidirectional converters.
Device

Transphorm

ROHM

On Semiconductor

Cascode GaN-FET

SiC-MOSFET

Si-MOSFET

TP65H035WS

SCT3060AL

NTHL082N65S3F

Vds

650 V

650 V

650 V

Vgs

±20 V

–4/+22 V

±30 V

46.5 A

39 A

40 A

Rds(on) (@ 25 C)

35 mΩ

60 mΩ

70 mΩ

Tj (max)

150◦C

175◦C

150◦C

Package

TO-247

TO-247

TO-247

semiconductor
technology

Id (@ 25◦C)
◦

7.2

Simulated Converter Switching Performance

The converter switching performance with different semiconductor devices is
captured through the simulation software and evaluated at an input voltage (Vin ) of
400 V and a load current (Iload ) of 20 A during turn-on and turn-off events.

7.2.1

Turn-on Switching Waveforms

The turn-on waveforms of Si-MOSFET, SiC-MOSFET and cascode GaN-FET
devices integrated into the bidirectional converter are evaluated and compared at
the switching frequency (fsw ) of 20 kHz [5]. Figure 7.2 illustrates the switching performance of three bidirectional converters during the turn-on transition [5].
It is noticed that the Si-based converter has the largest overshoot, which is 12.88
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A, in the current waveform due the high due to the rate of di/dt during the turnon condition among the other two converters [5]. The current waveform for Siand GaN-based converters shows a higher oscillation while the SiC-converter has a
lower ringing effect because SiC-MOSFETs are ordinarily insensitive to larger gate
resistances [5]. The GaN-based converter exhibits a considerably lower turn-on energy loss, which is 310 µJ, while the turn-on energy losses for Si- and SiC-based
converters are 359 and 425 µJ, respectively [5].

Figure 7.2: Simulated turn-on waveforms of GaN-, SiC-, and Si-based converters
at Vin = 400 V, Iload = 20 A, fsw = 20 kHz, and Tj = 25◦C.
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7.2.2

Turn-off Switching Waveforms

The turn-off waveforms of Si-, SiC-, and GaN-based converters are investigated
and compared at the switching frequency is 20 kHz. Figure 7.3 presents the switching performance of each bidirectional converter during the turn-off transition. It
is observed that the GaN-based converter shows a slight oscillation occurred in the
voltage waveform during the turn-off transition. In contrast, Si- and SiC-based converters contain a majorly severe ringing phenomenon in the voltage waveform due

Figure 7.3: Simulated turn-off waveforms of GaN-, SiC-, and Si-based converters
at Vin = 400 V, Iload = 20 A, fsw = 20 kHz, and Tj = 25◦C.
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the high due the rate of dv/dt during the turn-off event. The turn-off energy losses
for GaN- and SiC-based converters are 3.4 and 2.2 µJ, respectively. The Si-based
converter has clearly the highest turn-off energy loss, which is 4.1 µJ, compared
with the other two converters.

7.3

Experimental Converter Switching Performance

Further detailed investigation and analysis are necessitated for medium-voltage
power converter applications in order to demonstrate tradeoffs in switching performance and converter efficiency when substituting GaN devices for Si and SiC
counterparts, especially in a cascode configuration [5]. Therefore, a prototype of
500 W bidirectional converter is implemented to validate the impacts of emerging
650/900 V cascode GaN devices on the converter efficiency and performance [5].
Under identical operating conditions, the three bidirectional converters with different power devices are experimentally assessed in terms of current and voltage
overshoots, switching times, and switching energy losses during turn-on and turnoff events [5]. The switching performance of each converter highly depends on the
gate requirements of power devices; therefore, the investigation on the impact of
device’s gate characteristics was studied in chapter 2 in order to find the optimal
values of gate parameters [5]. The gate-source voltage and gate resistance of each
device integrated into the bidirectional converter are listed in Table 7.2, taking the
manufacture’s datasheet into considerations [5].
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Table 7.2: Gate specifications for each device used in bidirectional converters.

7.3.1

Power

Gate resistance (Ω)

Gate-source voltage (V)

device

Turn-on

Turn-off

Turn-on

Turn-off

Si-MOSFET

20

5

+18

–5

SiC-MOSFET

25

5

+14

–4

Cascode GaN-FET

15

5

+15

–5

Si-based Converter Switching Performance

The switching performance of the bidirectional converter based on the integration of Si-MOSFETs together with Si-diodes is investigated during the turn-on and
turn-off events at the input voltage of 360 V, load current of 12 A, and operating
temperature of 25◦C. Si-MOSFETs are examined with a gate-source voltage of –5
to +18 V for the turn-on and turn-off times while the turn-on and turn-off gate resistance values are set up as 20 and 5 Ω to achieve a smaller overshoot along with a
lower oscillation. Figure 7.4 and Figure 7.5 show turn-on and turn-off waveforms
of the switch voltage, current, and energy loss for the Si-based converter during
turn-on and turn-off events. The Si-based converter shows a high overshoot of 10
A and a distinct ringing in current waveform during the turn-on time because of the
high rate of di/dt. In the turn-off time, this converter shows a clear overshoot of 33
V along with a large ringing in the current and voltage waveforms due to the stray
inductance, which is decreased by the current commutation loop [27]. Switching
times during turn-on and turn-off conditions are 170 and 95 ns, respectively. Therefore, measured turn-on and turn-off energy losses for the Si-based converter are 94
and 30 µJ, respectively.
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Figure 7.4: Turn-on waveforms of Si-based converter at Vgs = –5/+18 V, Rg(on) =
20 Ω, and Rg(of f ) = 5 Ω when Vin = 360 V, Iload = 12 A, and Tj = 25◦C.

Figure 7.5: Turn-off waveforms of Si-based converter at Vgs = –5/+18 V, Rg(on) =
20 Ω, and Rg(of f ) = 5 Ω when Vin = 360 V, Iload = 12 A, and Tj = 25◦C.
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7.3.2

SiC-based Converter Switching Performance

The converter’s switching performance using SiC-MOSFETs combined with
SiC-Schottky diodes is evaluated during the turn-on and turn-off events at the input
voltage of 360 V, load current of 12 A, and operating temperature of 25◦C. SiCMOSFETs are tested with a gate-source voltage of –4 to +14 V for the turn-on and
turn-off times while the turn-on and turn-off gate resistance values are chosen to be
25 and 5 Ω for lowering the overshoot and ringing effects. Figure 7.6 and Figure
7.7 depict turn-on and turn-off waveforms of the switch voltage, current, and energy
loss for the SiC-based converter during turn-on and turn-off events. The SiC-based
converter shows a high overshoot of 13 A along with a ringing in current waveform
during the turn-on event because of the high di/dt rate. From the turn-off transition,
the SiC-based converter contains a clear overshoot of 20 V and a small ringing only

Figure 7.6: Turn-on waveforms of SiC-based converter at Vgs = –4/+14 V, Rg(on) =
25 Ω, and Rg(of f ) = 5 Ω when Vin = 360 V, Iload = 12 A, and Tj = 25◦C.
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Figure 7.7: Turn-off waveforms of SiC-based converter at Vgs = –4/+14 V, Rg(on) =
25 Ω, and Rg(of f ) = 5 Ω when Vin = 360 V, Iload = 12 A, and Tj = 25◦C.
in current waveform. Switching times during turn-on and turn-off conditions are
131 and 90 ns, respectively. Thus, measured turn-on and turn-off energy losses for
the Si-based converter are 394 and 2 µJ, respectively.

7.3.3

GaN-based Converter Switching Performance

The switching performance of the bidirectional converter utilizing cascode GaNFETs coupled with SiC-Schottky diodes is assessed during the turn-on and turn-off
events at the input voltage of 360 V, load current of 12 A, and operating temperature
of 25◦C. Cascode GaN-FETs are performed with a gate-source voltage of –5 to +15
V for the turn-on and turn-off times while the turn-on and turn-off gate resistance
values are selected as 15 and 5 Ω for improving the switching performance. Figure
7.8 and Figure 7.9 display turn-on and turn-off waveforms of the switch voltage,
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Figure 7.8: Turn-on waveforms of GaN-based converter at Vgs = –5/+15 V, Rg(on)
= 15 Ω, and Rg(of f ) = 5 Ω when Vin = 360 V, Iload = 12 A, and Tj = 25◦C.

Figure 7.9: Turn-off waveforms of GaN-based converter at Vgs = –5/+15 V, Rg(on)
= 15 Ω, and Rg(of f ) = 5 Ω when Vin = 360 V, Iload = 12 A, and Tj = 25◦C.
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current, and energy loss for GaN-based converter during turn-on and turn-off times.
The GaN-based converter exhibits a large overshoot of 16 A and a small ringing in
voltage and current waveforms during the turn-on event because of the high rate of
di/dt. In the turn-off transition, this converter has a clear overshoot of 35 V along
with a large ringing in both the voltage and current waveforms due to the high rate
of dv/dt. Switching times during turn-on and turn-off conditions are 116 and 99
ns, respectively. Therefore, measured turn-on and turn-off energy losses for the
GaN-based converter are 354 and 4 µJ, respectively.

7.4

Converter Power Loss Evaluation

Power loss analysis is one of the important steps to evaluate various semiconductor devices implemented in the bidirectional converter [5]. To find conduction
and switching losses of each devices, the on-state resistance is obtained from the
device’s datasheet while the energy loss is measured through the DPT during the
turn-on and turn-off events [5, 72]. Total power loss is calculated by the sum of
the switching and conduction losses of each power device along with other loss
such as passive and gate-driver losses [5, 72]. It is noteworthy that the duty cycle is
considered in the power loss evaluation [5]. Total power loss is represented as:

Ptotal = PS,sw−on + PS,sw−of f + PS,con + PD,con + Pind + Pcap + Pgate

(7.1)

where PS,sw−on and PS,sw−on are turn-on and turn-off switching power losses of
each switch while PS,con and PD,con are the conduction loss for the switch and
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diode [5]. Pind , Pcap , and Pgate are the inductor, capacitors, gate-driver losses,
respectively [5].

Figure 7.10: Total power loss of each bidirectional converter.
Total loss of Si-MOSFETs/Si-diodes, SiC MOSFETs/SiC-Schottky diodes, and
cascode GaN-FETs/SiC-Schottky diodes incorporated into the bidirectional converter is determined when the converter system is performed under the output power
of 500 W, a switching frequency of 100 kHz, and an operating temperature of
25◦C [5]. Figure 7.10 depicts a comparison of total power loss between Si-based,
SiC-based, GaN-based bidirectional converters [5]. Compared to Si-based and SiCbased converters, the GaN-based converter has a substantially lower total power
loss because of smaller on-state resistance value and shorter switching times [5].
Table 7.3 presents that total power loss of each bidirectional converter is assessed at
two different temperatures. It is clear that the converter using cascode GaN-FETs
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combined with SiC-Schottky diodes shows a major reduction in total power loss,
leading to increased converter efficiency level even at higher operating temperature.
Table 7.3: Total power loss of each bidirectional converter at different temperatures.
Total power loss (W)
Operating

GaN-based

SiC-based

Si-based

temperature

converter

converter

converer

T1 = 25◦C

30.3

38.4

51.1

35.8

41.2

59.8

◦

T2 = 125 C

7.5

Converter Efficiency Evaluation

This section is presented the efficiency measurement approach along with the
converter efficiency evaluation at different operating conditions [5]. Power conversion efficiency is basically the ratio of input and out power measurements [5]. This
efficiency is computed by dividing the output power by the input power in watts,
while it is commonly presented as a percentage [5]. The method of measuring converter efficiency plays a key role in evaluating the converter performance using various semiconductor devices [5]. To obtain accurate results, the voltage and current
should be simultaneously measured at the input-side and output-side of the converter [5]. Among diverse efficiency measurement processes, the power analyzer
(P2022A), made by Keysight, significantly provides higher measurement accuracy
and flexibility in the converter connection [5]. This power analyzer with precision
internal shunt current and high differential voltage probes is used to achieve an
accurate measurement efficiency for bidirectional DC–DC converters [5].
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Figure 7.11: Schematic representation of the converter efficiency measurement.
The power analyzer is remarkably operated as an oscilloscope in order to visualize current and voltage along with power waveforms in real-time event, reducing
a separated oscilloscope in the measurement s arrangement [5]. At the steady-state
period, the voltage and current at the input-side and output-side of converter system
are measured at the same time to gain the instantaneous power and overall converter
efficiency [5]. Figure 7.11 illustrates a schematic representation of the converter efficiency measurements [5]. Overall converter efficiency (η) is computed by dividing
the output power level(Pout ) by the input power level (Pin ) , as follows [5] :

η=

Pout
· 100%
Pin

(7.2)

In this dissertation, the investigation on effects of integrating different semiconductor device technologies into power converters for energy efficiency is performed at
harsh operating conditions [5]. The efficiency of Si-based, SiC-based, and GaN112

based converters is compared and evaluated as increasing of switching frequency,
input voltage, and output power level are increased [5].
In diverse applications, there is an acute need for power electronics working
at high switching frequencies, which can considerably minimize the size of passive elements and the reduce the volume of cooling systems [5, 27]. Therefore,
the Si-based, SiC-based, and GaN-based converters are examined at fast switching
speeds [5, 63]. In the examination, the passive components, such as capacitors and
inductors, are optimized to handle the increase of a high switching frequency [5].
Figure 7.12 shows the efficiency of the three tested converters as the switching frequency is increased gradually from 40 to 200 kHz at an input voltage of 96 V and
an operating temperature of 25◦C [5]. As the switching speed is increased, the efficiency of the Si-based converter decreases dramatically due to higher conduction

Figure 7.12: Converter efficiency with different semiconductor device technologies
as a function of increasing switching frequency from 40 to 200 kHz at an input
voltage of 96 V.
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and switching power losses while SiC-based and GaN-based converters offer better
efficiency level [5,27]. It is observed the GaN-based converter achieves 92.2% efficiency while the SiC-based converter obtains only 90% efficiency and the Si-based
converter can barely reach 88.4% at a switching frequency of 200 kHz [5]. The
results show that cascode GaN-FETs along with SiC-Schottky diodes substantially
improves the overall converter efficiency by 2.44% compared to the SiC-based converter and by nearly 8% compared to the Si-based converter [5]. Thus, integrating
GaN power devices into the bidirectional converter provides beneficial effects in
terms of loss reduction and efficiency improvement [5, 27].

Figure 7.13: Converter efficiency with different power devices as increasing input
voltage from 48 to 96 V at a switching frequency of 40 kHz.
The input voltage of the bidirectional converter is a pivotal factor in energy
storage and renewable energy applications because the voltage can be changeable
based on operating condition of power operation systems for supplying or storing
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electric energy [5, 63]. Therefore, the performance of each converter is assessed to
measure the energy efficiency over a wide range of input voltages [5]. It is noteworthy that the bidirectional converter is constructed to operate effectively around the
designed input voltage [5]. This means that the converter performance obtains peak
efficiency at the input voltage of 96 V [5]. As the input voltage is increased from
48 to 96 V, the efficiency of three converters is compared at a switching frequency
of 40 kHz [5], as shown in Figure 7.13.
Table 7.4 highlights the efficiency comparison of the three converters at different operating temperatures while the input voltage is 96 V [5]. SiC-based and GaNbased converters provide a higher efficiency level while the Si-based is struggling
to reach better efficiency because of its larger conduction and switching losses, especially at higher input voltages [5]. Among three bidirectional converters, the converter using GaN-FETs and SiC-Schottky diodes achieves 96.2% efficiency, which
is considerably higher than the efficiency of both Si-based and SiC-based converters [5]. At the input voltage of 96 V, GaN power device technology remarkably
enhances converter efficiency by 1.3% compared to the SiC-based converter and by
2.2% compared to the Si-based converter [5]. As a result, the combination of cascode GaN-FETs and SiC-Schottky diodes is enabling power converter to perform
efficiently even at higher input voltages [5].
The performance of the Si-based, SiC-based and GaN-based converters is evaluated at a wide range of output power levels, which can play an important role in
power conversion systems [5, 27]. The input and output powers of each converter
are measured through current and voltage probes to determine their efficiency level,
which is computed by the power analyzer at two switching frequencies of 100 and
200 kHz [5]. Here, each bidirectional converter works efficiently around 300 and
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Table 7.4: Efficiency comparison for GaN-based, SiC-based, and Si-based converters at different operating temperatures.
Converter efficiency at
Converter Technology

50◦C

100◦C

150◦C

GaN-based converter

96%

95.1%

94.3%

SiC-based converter

94.8%

93.2%

92.5%

Si-based converter

93.7%

91.4%

90.1%

400 W, as the designed power rating [5]. Thus, the converter reaches peak efficiency at output power levels of 300 and 400 W [5]. It is clear that converter
efficiency with different device technologies at the full-load condition is drastically
dropped because of the high current flowing through switching devices, leading to a
large conduction loss [5]. The effect of increasing switching frequency on converter
efficiency is becoming crucially significant because the turn-on and turn-off energy
losses are proportional to the switching speed [5].
Figure 7.14 shows the efficiency comparison of Si-based, SiC-based, and GaNbased converters when the output power gradually increased from 100 to 500 W
at two different switching speeds [5]. SiC-based and GaN-based converters offer
better efficiency levels throughout different out powers compared to the Si-based
converter [5]. After 400 W, the converter efficiency with Si devices drops drastically while the GaN-based converter obtains 94% efficiency, which is higher than
the other two converters [5]. Even though the converter works at higher output
power levels, the combination of cascode GaN-FETs and SiC-Schottky diodes can
still preserve the converter at a higher efficiency level [5]. At the switching frequency of 200 kHz, it is noticed that efficiency of the GaN-based converter is only
reduced by 1.1% while efficiency of Si-based and SiC-based converters decreased
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Figure 7.14: Converter efficiency using different semiconductor devices with increasing output power level from 100 to 500 W at two switching frequencies of 100
and 200 kHz.
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dramatically by 2.4% and 4.6%, respectively [5]. Therefore, integrating GaN-FETs
into the converter can noticeably increase the energy efficiency because of the superior material properties and high operating capabilities of GaN technology [5, 27].

7.6

Market Price Comparison for Power Devices

The cost of power devices is a significant factor in power converter applications; therefore, this section investigates the market price between different semiconductor devices incorporated into the bidirectional DC–DC converters [5]. SiMOSFETs, SiC-MOSFETs, and cascode GaN-FETs from various semiconductor
manufacturers are compared in terms of their price and availability in the market [5].
In this comparison, the current rate, device package, and voltage level are taken
into consideration [5]. Figure 7.15 shows the average cost for three different device
topologies as a function of increasing rating current and the price is collected from
different semiconductor distributors [5]. It is realized that the price of GaN semiconductors is the most expensive devices among device technologies since GaN
power devices are relatively new candidates in the market [5]. Based on the main
suppliers, such as Digi-key and Mouser, the actual price for power devices used in
the three bidirectional converters is listed in Table 7.5 [5]. It is noticed that the price
for the first combination of Si-MOSFETs and Si-diodes is $16.64 while the price in
the second combination of SiC-MOSFETs and SiC-Schottky diodes is $29.82 and
the price for the third combination of cascode GaN-FETs and SiC-Schottky diodes
is $45.14 [5]. It looks that the GaN-based converter is costly, which is nearly three
times higher than the Si-base converter while the SiC-based converter is expensive,
which is approximately two times higher than Si-based converters [5].
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Figure 7.15: Price comparison between Si-MOSFET, SiC-MOSFET, and cascode
GaN-FET power devices at various rating currents.
Table 7.5: Price comparison for various power device technologies used in the bidirectional DC–DC converter.
Bidirectional converter with different power devices
Combination (1)

Combination (2)

Combination (3)

(Si-MOSFET/

(SiC-MOSFET/

(Cascode GaN-FET/

Si-diode)

SiC-Schottky diode)

SiC-Schottky diode)

(NTHL082N65S3F/

(SCT3060AL/

(TP65H035WS/

IDW30C65D1)

C3D16065D1)

C3D16065D1)

Switches
(S1 , S2 )

2 × $5.51

2 × $11.26

2 × $18.92

Diodes
(D1 , D2 )

2 × $2.81

2 × $3.65

2 × $3.65

Total cost

$16.64

$29.82

$45.14

In spite of the fact that the price of GaN power devices is more expensive compared to the Si and SiC counterparts, GaN device technology offers remarkably
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more than 40% reduction in switching energy losses, leading to enhance the switching performance of the converter [5]. As mentioned in chapter 2, cascode GaN-FET
devices feature high operating capabilities, which are enabling power converters
to work effectively at harsh operating conditions of switching frequency, junction
temperature, and output power level [5]. Since GaN devices are able to operate at
higher switching speeds compared to other device technologies, the size of passive
elements as well as the volume of cooling systems used in power converters can be
greatly minimized, resulting significant reduction in total power loss and weight of
the bidirectional converter [5]. The converter using cascode GaN-FET devices is
more robust and efficient than other converters [5], as shown in this chapter. It also
exhibits a significantly higher efficiency level with lower converter size even at high
operating conditions [5]. As a result, the high price of GaN deices can be reasonably compensated by implementing smaller passive components, such as capacitors
and inductors, and lower cooling systems in power converters, which can majorly
improve the converter performance as well as increase the energy efficiency [5].

7.7

Summary

In this chapter, the effects of merging various new semiconductor devices into
power converters is demonstrated at different operating conditions. To assess the
impacts of using different semiconductor device technologies on power converters in terms of switching performance, total loss, and efficiency, three bidirectional
DC–DC buck-boost converters are designed: the first one is constructed with traditional Si-MOSFETs and Si-diodes, the second one is constructed with common
SiC-MOSFETs and SiC-Schottky diodes, and the third one is constructed with cas-
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code GaN-FETs and SiC-Schottky diodes. The switching performance of cascode
GaN-FETs, SiC-MOSFETs, and Si-MOSFETs employed in the bidirectional converter is evaluated at the same power converter layout. The GaN-based converter
shows an outstanding switching behavior in the current and voltage waveforms because GaN-FETs has substantially lower total energy loss as well as reduced overshoot and ringing effects compared to Si and SiC devices.
In the power loss analysis, losses are occurred in power devices are determined and compared at different operating temperatures and switching frequencies.
Among semiconductor devices, cascode GaN-FETs show much lower in conductions and switching losses due to smaller on-state resistance and shorter turn-on
and turn-off times. The GaN-based converter is experimentally evaluated at high
operating conditions and compared its performance to Si-based and SiC-based converters in terms of total power loss and energy efficiency. Based on the efficiency
measurement, the GaN-based converter shows a significantly better efficiency level
at higher switching frequency, input voltage, and output power because its reduced
total power loss compared to Si-based and SiC-based converters. Although GaN
devices are more expensive compared to the Si and SiC counterparts, the high price
of GaN-FET deices can be noticeably reduced by containing smaller passive elements and lower cooling systems in power converters, leading to enhance greatly
the switching performance and improve energy efficiency of the converter.
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Chapter 8
Conclusion and Future Work
The aim of this dissertation was experimentally evaluated the impact of integrating medium-voltage cascode GaN power devices into bidirectional DC–DC power
converters that are substantially used in energy storage systems and renewable energy applications [5]. The prime conclusion and future work of the dissertation are
summarized as the following aspects.

8.1

Conclusion

As increasing demand for more reliable, efficient, and compact power electronics in diverse applications, most existing converters are hindered by conventional Si-based power devices, which unfortunately are reaching their theoretical
and physical limits as there is a very small possibility for further improvements.
WBG semiconductors, especially GaN switching devices, show outstanding physical properties as well as they provide great potential for replacing traditional Si
devices with WBG technology, pushing the boundaries of semiconductors to han-
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dle higher operating conditions of higher switching speeds, output power levels,
blocking voltages, and junction temperatures. Therefore, this research was demonstrated tradeoffs in switching performance and converter efficiency when substituting GaN devices for Si and SiC counterparts, particularly in a cascode configuration. It also offered a further detailed investigation and analysis that are necessitated
for medium-voltage GaN devices in power converter applications.
In addition, superior material advantages and remarkable benefits of GaN semiconductors was presented in this dissertation while literature review of prior research on GaN power device was conducted. The basic structures and main characteristics of GaN devices were addressed, including vertical and lateral semiconductors and enhancement-mode as well as depletion-mode and enhancement-mode
GaN devices. A focused survey of GaN power devices was carried out to find the
most compatible GaN devices with high-power and high-switching speed applications. The prime factors that contributed to this survey were commercially available
GaN power devices, voltage rating, current rating, and device packaging. It was realized that cascode GaN-FET devices, made by Transphorm, are the most suitable
GaN power devices for power converters among various GaN device technologies.
These GaN devices feature a cascode structure, which does not require designing
a sophisticated gate-driver circuit as well as they exhibit the highest voltage level
available in market with TO-247 packaging, which is more desirable for DC converters. Due to high-operating capabilities of GaN technology, GaN-based converters have attracted a great deal of interest in automotive, UPS, energy storage, and
renewable energy systems.
In this dissertation, the DPT circuit, including the load inductor, DC capacitor,
and gate driver circuit, along with the measurement requirements for the switch123

ing characterization, explained and discussed to study and evaluate the switching
behavior of power devices during turn-off and turn-on transitions. From the DPT
board, the switching energy losses and the rate of dv/dt and di/dt were obtained.
The power dissipation resulted from semiconductor switching devices was analyzed
to evaluate the converter performance and efficiency at different operating conditions. The major power consumption can be divided into conduction and switching losses; therefore, these losses for different device technologies investigated and
compared at increasing switch current and junction temperature. Compared to different Si and SiC devices, the results showed that cascode GaN-FET devices offered
significantly reduced semiconductor losses due to their smaller on-state resistance
value and shorter switching times. Gate-source voltage, gate-driver circuit, and gate
resistance are considered to be the most crucial factors in how power devices operate and switch efficiently because their switching behavior are depending on these
factors. The switching performance of the cascode GaN-FET was mainly assessed
at different gate-driver circuit, gate-source voltage, and gate resistance in order to
find the optimal values of gate requirements. To achieve better performance for
GaN devices, the gate-driver (1EDI60I12AH), made by Infineon, was used while
the turn-on and turn-off gate resistance values found to be 15 and 5 Ω as the gatesource voltage was –5/+15.
Furthermore, the dynamic characteristics of Si, SiC, and cascode GaN power
devices were examined through the DPT circuit at various gate resistance values,
device currents, and DC-bus voltages. The switching performance and energy loss
as well as the rate of voltage and current changes over time were studied and analyzed at different operating conditions. The behavior of cascode power devices illustrated an outstanding switching performance among Si and SiC devices in terms
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of lower ringing and overshooting effects. The turn-on and turn-off, total energy
losses for tested power devices were computed and investigated under various operating points of a gate resistance value, switch current, junction temperature, and
DC-bus voltage. The results showed that the cascode GaN-FETs provided a significant reduction in total energy loss compared to Si and SiC as a function of
increasing operating conditions. Thus, SiC power devices substantially enhance the
switching performance of the converters used in high-power and high-temperature
applications.
Finally, the impacts of merging various new semiconductor devices on power
converter systems were evaluated thorough the experimental converter prototype to
validate the benefits of cascode GaN semiconductors for the power converter operation and performance. To assess the effects of using different device technologies
on power converters in terms of switching performance, total loss, and efficiency,
three bidirectional DC–DC buck-boost converters were designed: the first one is
constructed with traditional Si-MOSFETs and Si-diodes, the second one is constructed with common SiC-MOSFETs and SiC-Schottky diodes, and the third one
is constructed with new cascode GaN-FETs and SiC-Schottky diodes. The switching performance of cascode GaN-FETs, SiC-MOSFETs, and Si-MOSFETs used
in the bidirectional converter was compared at various operating conditions. The
GaN-based converter exhibited an improved switching behavior in the voltage and
current waveforms because GaN-FETs showed a substantially lower total energy
loss as well as reduced overshoot and ringing effects compared to Si and SiC semiconductors. Comprehensive analysis of the power loss and efficiency improvement
for Si-based, SiC-based, and GaN-based converters were performed and evaluated
as a function of increasing switching speed, working temperature, and output power
125

level. The results revealed that the converter with cascode GaN-FETs features a
major reduction in total power losses due to smaller on-state resistance and shorter
turn-on and turn-off times. Based on the efficiency measured by the power analyzer,
the GaN-based converter showed a significantly better efficiency level at higher
switching frequency, input voltage, and output power level compared to Si-based
and SiC-based converters. Even though GaN devices are considered to be more expensive compared to Si and SiC counterparts, the high price of cascode GaN-FET
deices can be distinctly decreased by having smaller passive components and lower
cooling systems, which helped to improve visibly the switching performance and
increase the energy efficiency for power converters.

8.2

Future Work

In order to entirely explain the benefits of merging cascode GaN power devices
in the non-isolated bidirectional DC–DC converter, future work can be further explored in the following aspects.
• Reliability of GaN device technology is one the main concerns for power
converter applications since these devices are relatively new compared to Si
and SiC counterparts. To investigate the GaN reliability, cascode GaN-FETs
should undergo thermal cycling tests for identifying their material limitations
and maximum operating conditions.
• Electromagnetic interference (EMI) is a critical issue in power converter operating at high switching frequency, which can highly cause acute EMI because of high harmonics and very steep edges of voltage waveforms during
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turn-on and turn-off events. A further investigation on EMI noise and filter
design is needed to be addressed at converter and system levels.
• To obtain high energy efficiency and high power density, the power converter should operate at switching speed. However, switching power loss
can be considerably large. It is a pivotal aspect to investigate various approaches, such as zero-voltage-switched (ZVS) and zero-current-switched
(ZCS) techniques, to mitigate or reduce the switching loss of GaN device
at faster speeds.
• Although this dissertation assessed the performance of a non-isolated bidirectional DC–DC converter using various semiconductor devices, the control
and protection aspects of the converter are necessary to be experimentally
demonstrated at system level with different operating conditions.
• GaN devices show a substantially high operating capabilities for power converters. At high temperatures, it is systematically beneficial to evaluate converter in terms of thermal management, heat sink and cooling system since
these factors paly a significant role in determining the size and volume of the
power converters as well as obtaining better energy efficiency.
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